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DISCLAIMER

This document has been approved for publication by the Office of Science and Technology, Office
of Water, U.S. Environmental Protection Agency. Mention of trade names, commercia products
or organizations does not imply endorsement or recommendation for use.

This document describes a new aguatic ecosystem simulation model. It isnot intended to serve as
guidance or regulation, nor is the use of this model in any way required. This document cannot
impose legally binding requirements on EPA, States, Tribes, or the regulated community.
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PREFACE

The Clean Water Act— formally the Federal Water Poll ution Control Act Amendments of
1972(PublicLaw 92-50), and subsequent amendmentsin 1977, 1979, 1980, 1981, 1983¢d 1987—
cdls for the identificaion, control, and prevention of pallution of the nation's waters. In the
National Water Quality Inventory: 1996 Report to Congress 36 percent of assessd river lengths
and 39 percent of assesxd lake aeas were impaired for one or more of their designated uses (US
EPA 1998. Themost commonly reported causesof impairment inriversandstreamsweresiltation,
nutrients, baderia, oxygen-depleting substances, and pesticides; in lakes and reservoirsthe caises
aso included metals and noxious aquatic plants. The most commonly reported sources of
impairment were agriculture, nonpant sources, municipal point sources, atmospheric deposition,
hydrologic modificaion, habitat ateration and resource extradion. There were 2196 fish
consumptionadvisories, which may include outright bans, in47 States, the District of Columbiaand
American Samoa. Seventy-six percent of the alvisories were due to mercury, with the rest due to
PCBs, chlordane, dioxin,and DDT (US EPA 1998. States are not required to report fish kill s for
the National Inventory; however, available information for 1992indicaed 1620incidents in 43
States, of which 930 were atributed to pdlution, particularly oxygen-depleting substances,
pesticides, manure, all and gas, chlorine, and ammonia.

New approachesandtodls, including appropriate technicd guidancedocuments, are needed
to fadlit ate emsystem analyses of watersheds as required by the Clean Water Act. In particular,
thereisapressng need for refinement andrelease of an emlogicd risk methoddogy that addresses
the dired, indired, and synergistic effeds of nutrients, metals, toxic organic chemicds, and non
chemicd stresors on aquatic emsystems, including streams, rivers, lakes, and estuaries.

The emsystem model AQUATOX is one of the few general ecologicd risk models that
represents the combined environmental fate and effeds of toxic chemicds. The model also
represents conventional poll utants, such as nutrients and sediments, and considers sveral trophic
levels, including attached and danktonic dgae submerged aquatic vegetation, severa types of
invertebrates, and several types of fish. It has been implemented for streams, small rivers, ponds,
lakes, and reservairs.

The AQUATOX model is described in these documents. Volume 1. User’'s Manual
describes the usage of the model. Because the model is menu-driven and runs under Microsoft
Windows on microcomputers, it is user-friendy and littl e guidance is required. Volume 2:
Tedhnical Documentation provides detail ed documentation of the concepts and constructs of the
model so that its suitability for given applicaions can be determined. Volume 3: Validation
Studiespresentsthreemodel vali dation studies performed for diff erent environmental stressorsand
in dfferent waterbody types.
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1. INTRODUCTION
1.1 Overview

The AQUATOX model is agenera emlogicd risk assessment mode that represents the
combined environmental fateandeff edsof conventional padl utants, such asnutrientsandsediments,
andtoxic chemicdsin aquatic ecsystems. It considersseveral trophiclevels, including attached and
planktonic algaeand submerged aquatic vegetation,invertebrates, and forage, bottom-feading, and
game fish; it also represents asociated organic toxicants (Figure 1). It can be implemented as a
simple model (indeed, it has been used to simulate an abiotic flask) or asatruly complex food-web
model. Oftenitisdesirableto model afoodweb rather than afoodchain, for example to examine
thepaosshilit y of lesstol erant organismsbeing replaced by moretol erant organismsasenvironmental
perturbationsoccur. “Foodweb modelsprovide ameansfor vali dation becaisethey medchanisticdly
describe the bioacaimulation processand ascribe causality to observed rel ationships between biota
and sediment or water” (Conndly and Glaser 1998). The best way to acarately assess
bioacamulationisto use more complex models, but only if the data neads of the models can be met
andthereis aufficient time (Pelka 1998.

Themodel hasbeenimplemented for streans, small rivers, pond, lakes, andreservoirs. The
model isintended to be used to evaluate the likelihoodof past, present, and future adverse effeds
from various stresrs including potentially toxic organic chemicds, nutrients, organic wastes,
sediments, and temperature. The stresors may be considered individually or together.

Thefate portion of the model, which isappli cable espedally to organic toxicants, includes:
partitioning among organisms, suspended and sedimented detritus, suspended and sedimented
inorganic sediments, and water; volatili zation; hydrolysis, phaolysis; ionization; and microbial
degradation. The dfeds portion of the model includes: chronic and aaute toxicity to the various
organisms modeled; andindired eff eds such asrelease of grazing and predation presaure, increase
in detritus and regycling of nutrients from kill ed organisms, dissolved oxygen sag due to increased
decompasition, and lossof food kase for animals.

AQUATOX representsthe aquati c eaosystem by ssimulating the changing concentrations (in
mg/L or g/m®) of organisms, nutrients, chemicas, and sedimentsin aunit volume of water (Figure
1). As ch, it differs from popuation models, which represent the danges in numbers of
individuals. As O'Nelll et a. (1989 stated, emsystem models and populiation models are
complementary; one canna take the place of the other. Popuation models excd at modeling
individual spedes at risk and modeling fishing presaure and aher age/size-spedfic aspeds; but
regycling of nutrients, the combined fate and eff eds of toxic chemicds, and other interdependencies
in the aquetic emsystem are important aspeds that AQUATOX represents and that canna be
addressed by apopuation model.
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Figure 1. Conceptual Model of Ecosystem Represented by AQUATOX.
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Any ecosystem model consists of multiple components requiring input data. These are the
abiotic and biotic state variables or compartments being simulated (Figure 2). In AQUATOX the
biotic state variables may represent trophic levels, guilds, and/or species. The model can represent
a food web with both detrital- and algal-based trophic linkages. Closely related are driving
variables, such as temperature, light, and nutrient loadings, which force the system to behave in
certainways. In AQUATOX state variables and driving variables are treated similarly in the code.
Thisprovidesflexibility because external loadings of state variables, such as phytoplankton carried
into areach from upstream, may function asdriving variables; and driving variables, such aspH and
temperature, could be treated as dynamic state variables in a future implementation. Constant,
dynamic, and multiplicativeloadings can be specified for atmospheric, point- and nonpoint sources.
Loadings of pollutants can be turned off at the click of a button to obtain a control ssimulation for
comparison with the perturbed simulation.
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Figure 2. Compartments (State Variables) in AQUATOX
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The model is written in object-oriented Pascal using the Delphi programming system for
Windows. An object is a unit of computer code that can be duplicated; its characteristics and
methods also can beinherited by higher-level objects. For example, the organism object, including
variables such as the LC50 (letha concentration of a toxicant) and process functions such as
respiration, isinherited by the plant object; that isenhanced by plant-specific variablesand functions
and isduplicated for three kinds of algae; and the plant object isinherited and modified dlightly for
macrophytes. Thismodularity formsthe basisfor the remarkableflexibility of themodel, including
the ability to add and delete given state variables interactively.

AQUATOKX utilizesdifferential equationsto represent changing values of state variables,
normally with a reporting time step of one day. These equations require starting values or initial
conditionsfor the beginning of the simulation. If thefirst day of asimulation is changed, then the
initial conditions may need to be changed. A simulation can begin with any date and may befor any
length of time from a few days, corresponding to a microcosm experiment, to severa years,
corresponding to an extreme event followed by long-term recovery.

1-3
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The process equations contain ancther class of inpu variables. the parameters or
coefficients that all ow the user to speafy key processcharaderistics. For example, the maximum
consumption rate is a criticd parameter charaderizing various consumers. AQUATOX is a
medhanistic model with many parameters; however, default values are avail able so that the analyst
only has to be concerned with those parameters necessary for a spedfic risk analysis, such as
charaderization of a new chemica. In the pages that follow, differential equations for the state
variables will be followed by processequations and parameter definitions.

Finally, the system being modeled is charaderized by site constants, such as mean and
maximum depths. At present one can model small | akes, reservoirs, streams, small rivers, and
ponds—and even enclosures and tanks. The generalized parameter screen isused for al these site
types, athough the hypadimnion entries obviously are nat applicable to all. The temperature and
light constants are used for simpleforcing functions, blurring the distinctions between site constants
and diving variables.

1.2 Background

AQUATOX isthelatestinalong seriesof models, starting with the aquati c ecosystermm model
CLEAN (Perk et a., 1974 and subsequently improved in consultation with numerous researchers
at various European hydrobiologicd |aboratories, resulting in the CLEANER series (Park et al.,
1975,1979,198Q Park, 1978 ScaviaandPark, 1976 and LAK ETRACE (Coalli nsand Park, 1989.
TheMACROPHY TEmodel, developedfor theU.S. Army Corpsof Enginees(Collinsetal., 1985,
provided additi onal capabilit y for representing submersed aquatic vegetation. Ancther series darted
with thetoxicfatemodel PEST, developed to complement CLEANER (Park et a., 1980,1982), and
continuedwiththe TOXTRACE model (Park, 1984 andthespreadshed equili briumfugaaty PART
model. AQUATOX combined algorithms from these model swith eatoxicologicd constructs; and
additional code was written as required for atruly integrative fate and effeds model (Park, 1990,
1993. The model was then restructured and linked to Microsoft Windows interfaces to provide
greder flexihility, cgpadty for additional compartments, and wser friendliness(Park et al., 1995.
The current version has been improved with the addition of constructs for chronic éfeds and
uncertainty analysis, making it a powerful todl for probabili stic risk assessnent (seeVolume 3).

Thistedhnicd documentationisintended to provide verificaionof individual constructs or
mathematica and programming formulations used within AQUATOX. The scientific basis of the
constructs refleds empiricd and theoreticd suppat; and precalencein the open literature andin
widely used modelsisnoted. Unitsaregivento confirm thedimensional anaysis. Themathematicd
formulationshave been programmed andgraphedin spreadshedsandtheresultshavebeen evaluated
intermsof behavior consistent with our understanding of eaosystem response; many of thasegraphs
aregiven inthefoll owing documentation. The variable namesin the documentation correspondto
those used in the program so that the mathematicd formulations and code can be compared, andthe
computer code has been chedked for consistency with thase formulations. Much of this has been
doreaspart of the continuing processof internal review. Thisreport isintended to expedite external
review aswell.
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2. SSMULATION MODELING
2.1 Temporal and Spatial Resolution and Numerical Stability

AQUATOX Release 1 isdesigned to be agenera, redistic model of the fate and eff eds of
pall utantsin aquatic ecsystems. In order to befast, easy to use, and werifiable, it hasbeen designed
with the simplest spatial and temporal resolutions consistent with this objedive. It isdesigned to
represent average daily condtions for a well-mixed aquatic system (in other words, a non
dimensional point model). It aso can represent one-dimensional verticd epilimnetic and
hypadimnetic condtions for those systems that exhibit stratification ona seasonal basis.

According to Ford and Thornton (1979, a one-dimensional model is appropriate for
reservoirs that are between 0.5and 10 km in length; if larger, then a two-dimensional model
disaggregated along thelong axisisindicaed. The one-dimensional assumptionisalso appropriate
for many lakes (Stefan and Fang, 1994). Similarly, ore can consider asingleread or stretch of river
at atime. A distributed version d the model (Version 2.0Q is being developed; it will be aleto
simulate severa linked stream reades.

Usually the reporting time step is one day, but numericd instability is avoided by all owing
the step size of theintegrationto vary to achieve a predetermined acarracy in the solution. Thisis
anumericd approad, andthe step sizeisnot diredly related to thetempora scde of the ecosystem
simulation. AQUATOX usesavery efficient fourth- andfifth-order Runge-Kuttaintegrationroutine
with adaptive step sizeto solvethediff erential equations (Presset al.,1986,1992. Theroutine uses
thefifth-order solutionto determinethe error associated with the fourth-order solution; it deaeases
the step size (often to 15minutesor lesg when rapid changes occur andincreasesthe step sizewhen
there ae slow changes, such asin winter. However, the step sizeis constrained to a maximum of
one day so that short-term padl utant loadings are dways deteded.

Thetemporal andspatial resolutionisinkegpingwiththegenerality andredi sm of themodel
(seePark and Calli ns, 1982). Careful consideration has been given to the hierarchicd nature of the
system. Hierarchy theory tell susthat models shoud have resolutions appropriate to the objedives,
phenomenawithtempora andspatial scdesthat aresignificantly longer thanthoseof interest shoud
be treaed as constants, and phenomena with much small er temporal and spatial scdes sioud be
treaed as steady-state properties or parameters (Figure 3, O'Nelll et a., 198§. The model uses a
longer time step than dynamic hydrologic models that are concerned with representing short-term
phenomena such as storm hydrographs, and it uses ashorter time step than fate model s that may be
concerned ony with long-term patterns sich as bioacawmulationin large fish.
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Figure 3. Position d Ecosystem Models such as
AQUATOX in the Spatial-temporal Hierarchy of
Models.
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Changing the permissble relative eror (the diff erence between the fourth- and fifth-order
solutions) of thesimulationcan affed theresults. Themodel all owsthe user to set therelative eror,
usualy between 0.005and 0.01. Comparison d output showsthat upto apoint asmaller error can
yield a marked improvement in the simulation—although exeaution time is dightly longer. For
example, simulationsof two pused dasesof chlorpyrifosinapondexhibit aspread inthefirst pulse
of abou 0.6 ug/L dissolved toxicant between the simulation with 0.001 relative error and the
simulationwith 0.05relativeerror (Figure4); thisisprobably duein part to differencesinthetiming
of the reporting step. However, if we examine the dissolved oxygen levels, which combine the
effects of photosynthesis, decomposition, and reaeration, we find that there are pronounced
differencesover theentiresimulation period. Thesimulationswith0.001and 0.01relativeerror give
almost exactly the same results, suggesting that the more efficient 0.001 relative error should be
used; the simulation with 0.05 relative error exhibits instability in the oxygen simulation; and the
simulationwith 0.1 error givesquitedifferent valuesfor dissol ved oxygen (Figure5). The observed
mean daily maximum dissolved oxygen for that period was 9.2 mg/L (US EPA 1988), which
corresponds most closely with the results of simulation with 0.001 and 0.01 relative error.
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Figure 4. Pond with Chlorpyrifosin Dissolved Figure5. Same as Figure 4 with Dissolved

Phase. Oxygen.
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2.2 Uncertainty Analysis

There are numerous sources of uncertainty and variation in natural systems. Theseinclude:
site characteristics such as water depth, which may vary seasonally and from site to site;
environmental loadings such as water flow, temperature, and light, which may have a stochastic
component; and critical biotic parameters such as maximum photosynthetic and consumption rates,
which vary among experiments and representative organisms.

Inaddition, thereare sourcesof uncertainty and variation with regard to pollutants, including:
pollutant loadings from runoff, point sources, and atmospheric deposition, which may vary
stochastically from day to day and year to year; physico-chemical characteristics such as octanol-
water partition coefficientsand Henry Law constantsthat cannot bemeasured easily; chemodynamic
parameters such as microbial degradation, photolysis, and hydrolysisrates, which may be subject to
both measurement errors and indeterminate environmental controls.

Increasingly, environmental analysts and decision makers are requiring probabilistic
modeling approaches so that they can consider the implications of uncertainty in the analyses.
AQUATOX providesthiscapability by allowing the user to specify the types of distribution and key
statistics for awide selection of input variables. Depending on the specific variable and the amount
of available information, any one of several distributions may be most appropriate. A lognormal
distribution isthe default for environmental and pollutant loadings. In the uncertainty analysis, the
distributionsfor constant loadingsaresampled daily, providing day-to-day variation withinthelimits
of the distribution, reflecting the stochastic nature of such loadings. Distributions for dynamic
loadings may employ multiplicative factors that are sampled once each simulation (Figure 6).
Normally the multiplicative factor for a loading is set to 1, but, as seen in the example, under
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extreme conditions the loading may be ten times as great. In this way the user could represent
unexpected conditions such as pesticides being applied inadvertently just before each large storm
of the season. Loadings usually exhibit a lognormal distribution, and that is suggested in these
applications, unless thereis information to the contrary.

Figure 6. Distribution Screen for Point-Source Loading of Toxicant in Water.
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A sequence of increasingly informative distributions should be considered for most
parameters (see Volume 1: User'sManual.) If only two values are known and nothing more can
be assumed, the two values may be used as minimum and maximum values for a uniform
distribution (Figure 7); this is often used for parameters where only two values are known. If
minimal information is available but there is reason to accept a particular value as most likely,
perhaps based on calibration, then atriangular distribution may be most suitable (Figure 8). Note
that the minimum and maximum valuesfor thedistribution are constraintsthat have zero probability
of occurrence. If additional data are available indicating both a central tendency and spread of
response, such as parameters for well-studied processes, then a normal distribution may be most
appropriate (Figure 9). Theresult of applying such adistributionin asimulation of Onondagal ake,
New York is shown in Figure 10, where simulated benthic feeding is seen to affect the sediment-
water interaction and subsequently the predi cted hypolimneticanoxia. All distributionsaretruncated
at zero because negative values would have no meaning. A non-random seed can be used for the
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randam number generator, causing the same sequence of numbers to be picked in successve
applicaions; thisisuseful if youwant to be aleto dugicae the results exadly.

Figure 7. Uniform Distribution for Henry’s Figure 8. Triangular Distribution for
Law Constant for Esfenvalerate. Maximum Consumption Rate for Bass
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Figure9. Normal Distribution for Maximum Consumption Rate for Tubifex.
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Efficient sampling from the distributions is obtained with the Latin hypercube method
(McKay etal.,1979 Palisade Corporation,1991), using algorithmsoriginaly writtenin FORTRAN
(Anonymous, 1988. Depending on hav many iterations are chosen for the analysis, ead
cumulativedistributionis subdvided into that many equal segments. Thenauniformrandamvalue
is chasen within ead segment and used in one of the subsequent simulationruns. For example, the
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distribution shown in Figure 9 can be sampled as shownin Figure11. Thismethod isparticularly
advantageous because all regions of the distribution, including the tails, are sampled. The default
iStwenty iterations, meaning that twenty simulations will be performed with sampled input val ues;
this should be considered the minimum number to provide any reliability. The optimal number can
be determined experimentally by noting the number required to obtain convergence of mean
response values for key state variables; in other words, at what point do additional iterations not
result in significant changes in the results? As many variables may be represented by distributions
as desired, but the method assumes that they are independently distributed. By varying one
parameter at atime the sensitivity of the model to individual parameters can be determined. This
is done for key parameters in the following documentation.

Figure 10. Sensitivity of Hypolimnetic Oxygen to
Zoobenthic Feeding in Lake Onondaga New Y ork.

14
/_\12
|
210 j N J
E 5y 1\ j
= A \ 1AW il
o 1 \ Y
; 4 A\ 1\ [\ l\\
o \‘\\ Y LN
2 \:\\ \ i \\_,,
0 4\T¥ i~ ] ]
01/01/89 09/24/89 06/17/90
05/14/89 02/04/90 10/28/90
— Minimum Mean
— Maximum — — Deterministic

Figure11. Latin Hypercube Sampling of a
Cumul ative Distribution with a Mean of 25 and
Standard Deviation of 8 Divided into 5 Intervals.

. -
p E—

|

0.4 :
________ /)
0.2 :
|

0 1.58 3.17




AQUATOX TECHNICAL DOCUMENTATION CHAPTER 3
3. PHYSICAL CHARACTERISTICS

3.1 Morphometry
Volume

Volume is a state variable and can be computed in several ways depending on avail ability
of data and the site dynamics. It is important for computing the dilution a concentration o
pall utants, nutrients, and organisms; it may be constant, but usually it istimevarying. Inthemodel,
ponds, lakes, andreservoirsaretreaed diff erently than streans, espedall y with resped to computing
volumes. The dhange in vdume of ponds, lakes, and reservoirsis computed as:

% = Inflow - Discharge - Evap (1)
where:
dvolume/dt = derivative for volume of water (m*/d),
I nflow = inflow of water into waterbody (m*/d),
Discharge = discharge of water from waterbody ¥, and
Evap = evaporation (m¥/d), see(2).

Evaporationis converted from an annual value for the siteto adaily value using the simple
relationship:

Evap = MeanEvap 0.0254 + Area 2)
365
where:
MeanEvap = mean annual evaporation (in/yr),
365 = days per yea (yr),
0.0254 = conversion from inches to meters (m/in), and
Area = areaof the waterbody (m?).

The user is given severa options for computing volume including keguing the volume
constant; making thevolumeadynamic functionof inflow, discharge, andevaporation; using atime
seriesof known values, and computing volume asafunction of theManning’ sequation. Depending
onthe method,inflow and dscharge ae varied, asindicaed in Table 1.

Table1l. Computation of Volume, Inflow, and Discharge

Method Inflow Discharge
Constant InflowLoad InflowLoad - Evap
Dynamic InflowLoad Dischargel.oad
Known values | InflowLoad InflowLoad - Evap + (State - KnownVals)/dt
Manning ManningVol - (State + Discharge)/dt + Evap | Dischargel.oad

3-1
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The variables are defined as.
InflowLoad
Dischargeload
Sate
KnownVals
dt
ManningVol

user-supgied inflow loading (m%d);
user-suppied dscharge loading (m*/d);
computed state variable value for volume (m®);
time series of known values of volume (m?);
incremental timein simulation (d); and
volume of stream read (m°), see(3).

Figure 12 ill ustrates time-varying volumes and inflow loadings spedfied by the user and
discharge computed by the model for a run-of-the-river reservoir. Note that significant dropsin
volume occur with operational releases, usually in the spring, for flood control purposes.

Figure 12. Volume, Inflow, and Discharge for a4-yea Period in
Coravill e Reservoir, lowa.
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The time-varying volume of water in a stream channel is computed as:
ManningVol = Y - CLength - Width (3)

where:
Y
CLength
Width

dynamic mean depth (m), see(4);
length of reah (m); and
width of channel (m).

In streams the depth of water and flow rate are key variables in computing the transport,
scour, anddepositionof sediments. Time-varying water depthisafunction o theflow rate, channel
roughness slope, and channel width using Manning's equation:
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Y - ( O + Manning )3/5 @

ySlope + Width

where:
Q = flow rate (m°/s);
Manning = Manning’ s roughnesscoefficient (§m*?);
Sope = slope of channel (m/m); and
Width = channel width (m).

The Manning’ sroughnesscoefficient isanimportant parameter representing frictional loss
but it isnat subjed to dired measurement. The user can choose anong the foll owing stream types:

L concrete dhannel (with adefault Manning's coefficient of 0.020);
o dredged channel, such asditchesand channeli zed streams (default coefficient of 0.030; and
o natural channel (default coefficient of 0.040.

These generaliti es are based onChow’s (1959 tabulated values as given by Hoggan (1989.

In the ésenceof inflow data, the flow rate is computed from the initial mean water depth,
asuming aredangular channel and wsing arearangement of Manning’ s equation:

IDepth>? - \[Slope - Width

Base =
© Manning

(%)

where:

QBase = base flow (m?¥s); and

Idepth = mean depth as given in siterecord (m).

Thedynamicflow rateisca culated from theinflow loading by converting from m*/dtom?/s:

_ Inflow
© 86400 ©)

where:

Q = flow rate (m%s); and

I nflow = water discharged into channel from upstream (m*/d).

Bathymetric Approximations
The depth distribution of a water body is important because it determines the aeas and

volumessubjed to mixing andli ght penetration. The shapes of ponds, lakes, reservoirs, andstreans
are represented in the model by idedized geometricd approximations, foll owing the topdogicd

3-3
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treament of Junge (1966 see &so Straskraba and Gnauck, 1985. The shape parameter P (Junge,
1966 charaderizesthe site, with ashapethat isindicated by the ratio of mean to maximum depth.:

ZMean

P =6.0- - 3.0
ZMax
Where:
ZMean = mean depth (m);
ZMax = maximum depth (m); and
P = characterizing parameter for shape (unitlesg.; P is constrained

between-1.0and 1.0

Shall ow constructed ponds and ditches may be approximated by an €lli psoid where Z/ZMax
=0.6andP = 0.6. Reservoirs generaly are extreme dli ptic sinusoids with values of P constrained
to-1.0. Lakesmay be ather dli ptic sinusoids, with P between 0.0and-1.0,or €lli ptic hyperbadloids
with P between 0.0and 1.0(Table 2). The model requires mean and maximum depth, but if only
the maximum depth is known, then the mean depth can be estimated by multi plying ZMax by the
representative ratio. Not all water bodes fit the dli ptic shapes, bu the model generaly is not
sensitive to the deviations.

Based ontheserel ationships, fradions of volumesandareas can be determined for any given
depth (Junge, 1969 (Figure 13-Figure 14):

AreaFrac = (10 + P) - —%2_ — p- (2
ZMax ZMax
60 -2 ~30-(10-P) - (2P -20-P- (-2
ZMax ZMax ZMax
VolFrac =
30 + P
where:
AreaFrac = fradion d areaof site @owve given depth (unitless;
VolFrac = fradion d volume of site @owve given depth (unitless; and
Z = depth of interest (m).

(7)

(8)

9)
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Table2. Examples of Morphometry of Waterbodies

Site ZMean/ZMax P| Constrained P
Lakes

Chad, Chad 0.13 -2.22 -1.00
Managua, Nicaragua 0.26 -1.42 -1.00|
Michigan, U.S.-Canada 0.27 -1.38 -1.00|
Erie, U.S.-Canada 0.33 -1.02 -1.00]
Windermere, England 0.36 -0.85 -0.85
Baikal, Russia 0.43 -0.42 -0.42
Como, ltaly 0.45 -0.30 -0.30]
Superior, U.S.-Canada 0.47 -0.18 -0.18
Tahoe, CA-NV 0.50 0.00 0.00]
Esrom, Denmark 0.56 0.35 0.35
Clear, CA 0.57 0.43 0.43
Crater, OR 0.60 0.60 0.60]
Kinneret, Israel 0.60 0.63 0.63
Okeechobee, FL 0.67 1.00 1.00]
Ontario, U.S.-Canada 0.69 1.14 1.00|
Balaton, Hungary 0.75 1.50 1.00)
George, Uganda 0.80 1.80 1.00
Reservoirs

DeGray, AR 0.25 -1.49 -1.00]
Grenada, MS 0.21 -1.74 -1.00]
Lewis and Clark, SD 0.31 -1.13 -1.00|
Texoma, TX 0.27 -1.38 -1.00]
Delaware, OH 0.22 -1.68 -1.00]
Sidney Lanier, GA 0.33 -1.01 -1.00|
Monroe, IN 0.30 -1.18 -1.00]
Tenkiller Ferry, OK 0.36 -0.86 -0.86
Mendocino, CA 0.36 -0.84 -0.84
Coralville, IA 0.37 -0.80 -0.80]
Waterbury, VT 0.43 -0.42 -0.42
Pend Oreille, ID 0.50 -0.03 -0.03
Ponds

Czech Rep., fish (very old) 0.43 -0.42 -0.42
Czech Rep., Elbe R. backwaters 0.50 -0.03 -0.03
Dor, Israel, fish, recent 0,67 1.00 1.00}

data from Hutchinson, 1957; HrbaCek, 1966; Leidy and Jenkins, 1977,
and Horne and Goldman, 1994

For example, thefraction of the volumethat is epilimnion can be computed by setting depth
Z to the mixing depth. Furthermore, by setting Z to the depth of the euphotic zone, the fraction of
the fraction of the areaavailable for colonization by macrophytes and periphyton can be computed:
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FracLit = (1 + P) -

. .\ 2
ZEuphotic p- (ZEuphotzc) (10)

ZMax ZMax

If the siteisalimnocorral (an artificial enclosure) then the available areais increased accordingly:

FracLittoral - FracLit - Area + LimnoWalldrea

Area
otherwise (11)

FracLittoral = FraclLit

where:
FracLittoral = fraction of siteareathat iswithin the euphotic zone (unitless);
ZEuphotic = depth of the euphotic zone, where primary production exceeds
respiration, usually calcul ated asafunction of extinction (m);
Area = sitearea (m?); and
LimnoWallArea = area of limnocorral walls (m?).

Thedepth of the euphotic zone, whereradiationis 1% of surfaceradiation, iscomputed as(Thomann
and Mueller, 1987):

ZEuphotic = 4.605/Extinct (12
where:
Extinct = the overall extinction coefficient (1/m), see (30).
Figure 13 Figure 14
Volume as a Function of Depth in Ponds Areaas a Function of Depth in Ponds
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3.2 Washout

Transport out of the system, or washout, is an important loss term for nutrients, floating
organisms, and dissolved toxicants in reservoirs and streams. Although it is considered separately
for severa state variables, the processis a general function of discharge:

Discharge
Volume

Washout = - State (13)

where;
Washout
Sate

loss due to being carried downstream (g/m?-d), and
concentration d dislved o floating state variable (g/md).

3.3 Stratification and Mixing

Thermal stratificationishanded inthesimplest form consistent with the goalsof forecasting
the effeds of nutrientsandtoxicants. Lakesandreservoirsare aonsidered inthe model to have two
verticd zones: epilim nionand hypdimnion (Figur e 15); the metalimnion zone that separatesthese
isignored. Instea, the thermocline, or plane of maximum temperature change, is taken as the
separator; thisisalso known asthe mixing depth (Hanna, 1990. Dividingthelakeinto two verticd
zones foll ows the treatment of Imboden (1973, Park et a. (1974, and Straskraba and Gnauck
(1983. Theonset of stratificationisconsidered to occur when the mean water temperature exceels
4° andthe diff erencein temperature between the epilim nionand hypdimnionexceeals 3°. Overturn
occurs when the temperature of the epilimnion is less than 3°, wsualy in the fal. Winter
stratificaionisnot modeled. For simpli city, the thermocli neisassumed to occur at aconstant depth.

Figure 15
Thermal Stratification in aLake; Terms Defined in Text

Epilimnion

VertDispersion

Hypolimnion

There ae numerous empiricd models relating thermocline depth to lake daraderistics.
AQUATOX uses an equation by Hanna (1990, based onthe maximum eff edive length (or fetch).
Thedataset includes 167 mostly temperate lakes with maximum eff edivelengthsof 172to 108,000
m and ranging in altitude from 10to 1897m. The eguation hes a wefficient of determinationr® =
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0.850,meaning that 85 percent of the sum of squaresis explained by the regresson. Its curvili nea
natureis shown in Figure 16, and it is computed as (Hanna, 1990):

log(MaxZMix) = 0.336 - log(Length) - 0.245 (14)
where:
MaxZMix = maximum mixing depth for lake (m); and
Length = maximum eff edive length for wave setup (m).

Windadionisimplicit inthisformulation. Wind has been modeled expli citly by Baca ad
Arnett (1976,quaed by Bowie et a., 1985, but their approadc requires cdibration to individual
sites, and it isnot used here.

Verticd dispersionfor bulk mixingismodeled asafunction d thetime-varying hypolimnetic
and epilim netic temperatures, foll owing the treament of Thomann and Mueller (1987,p. 203 see
also Chapra and Redkhow, 1983, p. 152Figure 17):

t-1 t+1
VertDispersion = Thick - HypVolume . | Tigpo = Tinpo (15)
ThermoclArea - Deltat T T
epi hypo
where:
VertDispersion = verticd dispersion coefficient (m?/d);
Thick = distancebetween the centroid of the epilim nionandthe centroid of the
hypadimnion, effedively the mean depth (m);

HypVolume = volume of the hypadimnion (m?);

ThermoclArea = areaof the thermocline (m?);

Deltat = time step (d);

Topo 5 Toypo temperature of hypolimnion ore time step before and oretime step
after present time (°C); and

temperature of epilimnionand hypaimnion at present time (°C).

Teis Trypo

epi !
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Figure 16
Mixing Depth as a Function d Fetch
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Stratificaioncan bresk downtemporarily asaresult of high throughflow. Thisisrepresented
inthemodel by making the verticd dispersion coefficient between thelayersafunction of discharge
for sites with retention times of lessthan or equal to 180 ays (Figure 18), rather than temperature
differences asin equation 15, based on olservations by Straskraba (1973 for a Czed reservoir:

VertDispersion = 1.37 -+ 10* - Retention "% (16)
and:
Retention = M (17)
TotDischarge
where:
Retention = retentiontime (d);
Volume = volume of site (m®); and
TotDischarge = total discharge (m*/d).
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Figure 17
Vertical Dispersion as a Function of Temperature Differences
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Figure 18
Vertical Dispersion as a Function of Retention
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The bulk vertical mixing coefficient is computed using site characteristics and the time-varying
vertical dispersion (Thomann and Mueller, 1987):
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VertDispersion + ThermoclArea

BulkMixC =
ulkMixCoeff Thick (18)
where:
BulkMixCoeff = bulk vertical mixing coefficient (md),
ThermoclArea = area of thermocline (m?).

Turbulent diffusion between epilimnion and hypolimnion is computed separately for each
segment for each time step while there is stratification:

. BulkMixCoeff
TurbDiff, , = ———— = * (Conc, . onont po ~ CONCopmr it o) 19
epi Volumeepl compa nit, hypo compa ent, epi ( )
. BulkMixCoeff
Turblefhypo - Wehypo ) (Conccompartment, evi Conccompartment, hypo) (20)
where:
TurbDiff = turbulent diffusion for a given zone (g/m?-d);
Volume = volume of given segment (m®); and
Conc = concentration of given compartment in given zone (g/m°).

Theeffectsof stratification, mixing dueto high throughflow, and overturn arewell illustrated
by the pattern of dissolved oxygen levels in the hypolimnion of Lake Nockamixon, a eutrophic
reservoir in Pennsylvania (Figure 19).
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Figure 19
Stratificaiion and Mixing in Lake Nockamixon,
Pennsylvania @& Shown by Hypadimnetic Dissolved Oxygen
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3.4 Temperature

Default water temperature loadings for the gilimnion and hypaimnion are represented
through a simple sine approximation for seasonal variations (Ward, 1963 based on ser-suppied
observed means and ranges (Figur e 20):

Temperature = TempMean + (-1.0 - w

(21)
- (sin(0.0174533 - (0.987 - (Day + PhaseShiff) - 30)))]

where:
Temperature = average daily water temperature (°C);
TempMean = mean annual temperature (°C);
TempRange = annual temperature range (°C),
Day = Julian date (d); and
PhaseShift = timelagin hedaing (=90 0.

Observed temperature loadings shoud be entered if responsesto short-term variations are of
interest. Thisisespedally important if the timing of the onset of stratificationis criticd, becaise
stratificaionisafunctionof the diff erencein hypoimnetic and epilim netic temperatures (seeFigure
18).
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35 Light

Thedefault incident light functionisavariation onthe temperature equation, bu withou the
lag term:

Solar = LightMean + w - §in(0.0174533 - Day - 1.76) (22)
where:
Solar = average daily incident light intensity (ly/d);
LightMean = mean annudl li ght intensity (ly/d);
LightRange = annual rangein light intensity (ly/d); and
Day = Julian date (d).

The derived values are given as average light intensity in Langleys per day (Ly/d = 10
kcd/m?d). An observed time-series of light also can be supgied by the user; this is especially
important if the effeds of daily climatic condtionsare of interest. If the average water temperature
dropsbelow 3°C, the model assumesthe presenceof icecover and deaeases|ight to 33% of incident
radiation. Thisreduction, dueto the refledivity and transmissvity of iceand snow, is an average of
widely varying values summarized by Wetzel (1975 aso seeLeCren and Lowe-McConrell, 1980.
The model doesnat automaticdly adjust for shading by riparian vegetation, so atimes-series shoud
probably be supdied if modeling anarrow stream.

Photoperiod is approximated using the Julian date (Figure 21):

Day

12 + 4 - cos(380 - + 248)
Photoperiod = 365 (23)
24
where:
Photoperiod = fradion d the day with daylight (unitless;
A = hours of daylight minus 12 (hr); and
Day = Julian date (d).

Aisthediff erencebetween the number of hours of daylight at the summer solsticeat agiven latitude
andthe vernal equinox, andis given by alinea regresson developed by Groden (1977):

A = 0.1414 - Latitude - Sign - 2.413 (24)
where:
Latitude = latitude (°, dedmal), negative in southern hemisphere; and
Sgn = 1.0in nathern hemisphere, -1.0in southern hemisphere.
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Figure 20 Figure21
Annua Temperature Photoperiod as a Function of Date
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3.6 Wind

Wind is an important driving variable because it determines the stability of blue-green alga
blooms, and reaeration or oxygen exchange, and it controlsvolatilization of some organic chemicals.
If Site dataare not available, default variablewind speeds are represented through a Fourier series of
sine and cosine terms; the mean and first ten harmonics seem to capture the variation adequately
(Figure22). Thisdefault loadingisbased on an unpublished 140-day record (May 20 to October 12)
from Columbia, Missouri; therefore, it has a 140-day repeat, representative of the Midwest during
the growing season. Thisapproach isquite useful because the mean can be specified by the user and
the variability will be imposed by the function. If ice cover is predicted, wind is set to O.

Figure 22
Default Wind Loadings for Missouri Pond
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4. BIOTA

The biota consists of two main groups, plants and animals; ead is represented by a set of
processlevel equations. Inturn, dantsarediff erentiated into algae ad maaophytes, represented by
dight variations in the differential equations. Algae may be ather phytoplankton a periphyton.
Phytoplanktonaresubjed to sinking andwashou, whil e periphytonare subjed to substratelimit ation
and scour by currents. These aetreded as processlevel diff erencesin the equations.

Animals are subdvided into invertebrates and fish; the invertebrates may be pelagic
invertebrates, benthicinsedsor other benthicinvertebrates. Thesegroupsarerepresented by diff erent
parameter values and by variations in the equations. Inseds are subjed to emergence, bu benthic
invertebrates are not. Gamefish may be represented by both young of the yea and adults, which are
conreded by promotion.

4.1 Algae

The change in algal biomass—expressd as g/m* for phytoplankton, but as g/m? for
periphyton—isafunction of theloading (espedally phytoplankton from upstream), phaosynthesis,
respiration,excretionor phaorespiration,nongedatory mortaity, grazing or predatory mortality, and
washou; as noted abowve, phytoplankton also are subjed to sinking. If the system is stratified,
turbulent diffusion also aff eds the biomassof phytoplankton:

% = Loading + Photosynthesis - Respiration — Excretion (25)

- Mortality - Predation + Sinking - Washout = TurbDiff

where:
dBiomasg/dt = change in biomassof algaewith resped to time (g/m*d);
Loading = loading of algal group (g/m?d);
Photosynthesis = rate of phatosynthesis (g/m®d), see(26);
Respiration = respiratory loss(g/md), see(51);
Excretion = excretion a phaorespiration (g/m*d), see(52);
Mortality = nonpedatory mortality (g/m*d), see(54);
Predation = herbivory (g/m*d), see(74);
Washout = lossdue to being caried dovnstream (g/m*d), see(60);
Snking = lossor gain dueto sinking between layersand sedimentationto bottom
(g/m*d), see(57); and
TurbDiff = turbulent diffusion (g/m?-d), see(18).

Figure23 andFigur e 24 are examples of the predicted changesin biomassandthe processes
that contribute to these dhangesin a aitrophic lake.
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Figure 23
Changein Predicted Algal Biomass
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Predicted Algal Process Ratesin Cryptomonads
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Photosynthesis is modeled as a maximum observed rate multiplied by reduction factors for
the effects of toxicants and suboptimal light, temperature, current, and nutrients:

Photosynthesis = PMax - PProdLimit -+ Biomass (26)

The limitation of primary production in phytoplankton is:
PProdLimit = LtLimit - NutrLimit - VLimit - TCorr + FracPhoto (27)

4-2
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Periphyton have an additional limitation based onavail able substrate:
PProdLimit = LtLimit - NutrLimit - VLimit - TCorr - FracPhoto - FracLittoral (28)

where:
Pmax = maximum phaosynthetic rate (1/d);
LtLimit = light limitation (unitlesg, see(29);
NutrLimit = nutrient limitation (unitless, see(43);
VIimit = current limitation for periphyton (unitless, see(44);
TCorr = limitation due to subogimal temperature (unitless, see(47);
FracPhoto = reductionfador for eff ed of toxicant onphaosynthesis (unitlesy, see

(271);
fradion d areathat is within euphdic zone (unitlesg see(11); and
biomassof algae(g/md).

FracLittoral
Biomass

Under optimal conditions, areduction fador has avalue of 1; otherwise, it has a fradiona
value. Use of amultipli cative construct impli esthat thefadorsareindependent. Several authors (for
example, Calli ns, 198Q Straskrabaand Gnauck, 1983 have shown that there areinteradionsamong
thefadors. However, wefed thedata aeinsufficient to generalizeto all algae therefore, thesimpler
multi pli cative construct is used, as in many other models (Chen and Orlob, 1975 Lehman et d.,
1975 Jargensen, 1976 DiToroet al., 1977 Kremer and Nixon, 1978 Park et al., 1985 Ambrose et
a., 1991). Default parameter valuesfor the various processes aretaken primarily from compil ations
(for example, Jargensen, 1979 Collins and Wlosinski, 1983 Bowie et al., 1985; they may be
modified as needed.

Light Limitation

Because it is required for phaosynthesis, light is a very important limiting variable. It is
espedaly important in controlling competition among plants with differing light requirements.
Similar to many other models (for example, Di Toroetal.,1971; Park etal., 1974,1975,1979,1980Q
Lehman et al., 1975 Canale @ d., 1975, 1976Thomann et al., 1975, 1979Scavia & da., 1976
Biermanetal., 1980 O'Conna etal., 1981, AQUATOX usesthe Stede (1962 formulationfor light
limitation. Light is gedfied as average daily radiation. The average radiation is multiplied by the
phaoperiod, or the fradion d the day with sunlight, based ona simplificaion d Stede's (1962
eguation proposed by Di Toro et a. (1971):

e

Extinct - (DepthBottom - DepthTop) (29
* Photoperiod + (LtAtDepth - LtAtTop)

LtLimit = 0.85 -

where:
LtLimit = light limitation (unitles9;
e = the base of natural logarithms (2.71828, uriless);
Photoperiod = fradion d day with daylight, see(23);
Extinct = total li ght extinction (1/m), see(30);
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DepthBottom = maximum depth or depth of bottom of layer if stratified (m); if
periphyton or macrophyte then limited to euphotic depth;

DepthTop = depth of top of layer (m);

LtAtDepth = see (32); and

LtAtTop = see (33), (34).

Because the equation overestimates by 15 percent the cumulative effect of light limitation over a24-
hour day, a correction factor of 0.85 is applied (Kremer and Nixon, 1978).

Extinction of light is based on several additive terms: the baseline extinction coefficient for
pure water, the so-called "self-shading” of plants, attenuation due to suspended particul ate organic
matter (POM) and inorganic sediment, and attenuation due to dissolved organic matter (DOM):

Extinct = WaterExtinction + PhytoExtinction + ECoeffDOM - DOM

+ ECoeffPOM - X PartDetr + ECoeffSed - InorgSed (30)

where:
WaterExtinction= extinction due to pure water (1/m);
PhytoExtinction= extinction due to phytoplankton and periphyton (1/m), see (31);

EcoeffDOM =  attenuation coefficient for dissolved detritus (1/m-g/md);

DOM = concentration of dissolved organic matter (g/m?®), see (96) and (97);
EcoeffPOM = attenuation coefficient for particulate detritus (1/m-g/m°);

PartDetr = concentration of particulate detritus (g/m°), see (94) and (95);
EcoeffSed = attenuation coefficient for suspended sediment (1/m-g/m?); and
InorgSed = total suspended inorganic sediment (g/m?®), see (177).

For computational reasons, the value of Extinct is constrained between 5%° and 25. Self-
shading by phytoplankton, periphyton, and macrophytesis afunction of the biomass and attenuation
coefficient for each group:

PhytoExtinction = Zalga (ECoeffPhyto ,,, - Biomass,,,) (31)

where:
attenuation coefficient for given alga (I/m-g/m?); and
concentration of given alga (g/m?®).

EcoeffPhyto
Biomass

Thelight at depth is computed by:

_ Light ¢ ~Extinction - DepthBottom

LtAtDepth = e LightSa (32)
Light at the surface of the waterbody is computed by:
_ Light
LtAtTop = e LighSat (33)

4-4
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and light at the top of the hypolimnion is computed by:

__Light |  ~Extinction - DepthTop

LtAtTop = e LighSat (34)
where:
Light = photosynthetically active radiation (ly/d); and
LightSat = light saturation level for photosynthesis (ly/d).

Healthy blue-green algae tend to float. Therefore, if the nutrient limitation for blue-greensis
greater than 0.25 (Equation (43)) and the wind is less than 3 m/s then DepthBottom for blue-greens
isset to 0.25 m to account for buoyancy due to gas vacuoles. Otherwiseit is set to 3 m to represent
downward transport by Langmuir circulation. Other phytoplankton are considered to occupy al the
well mixed layer. Under the ice, phytoplankton are represented as occurring in the top 2 m (cf.
LeCren and Lowe-McConnell, 1980). As discussed in Section 3.5, light is decreased to 33% of
incident radiation if ice cover is predicted.

Approximately half the incident solar radiation is photosynthetically active (Edmondson,
1956):

Light = Solar - 0.5 (35)

where;
Solar = average daily light intensity (ly/d), see (22).

The light-limitation function represents both limitation for suboptimal light intensity and
photoinhibition at high light intensities (Figur e 25). However, when the photoperiod for all but the
highest latitudes is factored in, photoinhibition disappears (Figure 26). When considered over the
course of the year, photoinhibition can occur in very clear, shallow systems during summer mid-day
hours (Figure 27), but it usualy is not a factor when considered over 24 hours (Figur e 28).

The extinction coefficient for pure water varies considerably in the photosynthetically-active
400-700 nm range (Wetzel, 1975, p. 55); the value of 0.016 (1/m) is used, corresponding to the
extinction of green light. In many models dissolved organic matter and suspended sediment are not
considered separately, soamuch larger extinction coefficient isused for "water" thanin AQUATOX.
The attenuati on coefficients have unitsof 1/m-(g/m®) becausethey represent the amount of extinction
caused by agiven concentration (Table 6).
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Figure 25
Instantaneous Light Response Function

Diatoms in 0.5-m Deep Pond

Figure 26
Daily Light Response Function

Diatoms in 0.5-m Deep Pond
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Table 6. Light Extinction and Attenuation Coefficients
Water Extinction 0.016 Im Wetzel, 1975
ECoeffPhyto, .om 0.014 Im-(g/m?) Colli ns and Wlosinski, 1980
ECoeffPhytoy e reen 0.099 Im-(g/m°) Megard et al., 1979(cdc.)
ECoeffDOM 0.03 ¥m-(g/m°) Effler et a., 1985(cdc.)
ECoeffPOM 0.12 Im-(g/m?) Verduin, 1982
E CoeffSed 0.03 ¥m-(g/m°) Mclintire and Colby, 1978

The Secai depth, thedepth at which aSecai disk disappeasfrom view, isacommonly used
indicaion d turbidity. It iscomputed as (Straskraba and Gnauck, 1989:
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1.9
Secchi = ———
Extinction (36)

where:
Secchi = Secchi depth (m).

This relationship could also be used to back-calculate an overall Extinction coefficient if only the
Secchi depth isknown for asite.

As averification of the extinction computations, the calculated and observed Secchi depths
were compared for Lake George, New York. The Secchi depth is estimated to be 8.3 m in Lake
George, based on site data for the various components (Figure 29). This compares favorably with
observed values of 7.5to 11 (Clifford, 1982).

Figure 29
Contributionsto Light Extinction in Lake George, NY

Sediment (0.00%)

Water (6.97%)
Phytoplankton {1.59%)

Nutrient Limitation

There are several ways that nutrient limitation has been represented in models. Algae are
capable of taking up and storing sufficient nutrients to carry them through several generations, and
models have been devel oped to represent this. However, if thetiming of algal bloomsisnot critical,
intracellular storage of nutrients can be ignored, constant stoichiometry can be assumed, and the
model is much simpler. Therefore, based on the efficacy of this simplifying assumption, nutrient
limitation by external nutrient concentrationsis used in AQUATOX, as in many other models (for
example, Chen, 1970; Parker, 1972; Lassen and Nielsen, 1972; Larsen et al., 1974; Park et al., 1974;
Chen and Orlob, 1975; Patten et a., 1975; Environmental Laboratory, 1982; Ambrose et al., 1991).
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For an individua nutrient, saturation kinetics is assumed, using the Michaelis-Menten or
Monod equation (Figur e 30); this approach isfounded on numerous studies (cf. Hutchinson, 1967):

PLimit = Phosphorus (37)
Phosphorus + KP
oo Nitrogen
NLimit Nitrogen + KN (38)
. Carbon
CLimit Carbon + KCO2 (39)
where:
PLimit = limitation due to phosphorus (unitless);
Phosphorus = available soluble phosphorus (gP/m®);
KP = half-saturation constant for phosphorus (gP/mq);
NLimit = limitation due to nitrogen (unitless);
Nitrogen = available soluble nitrogen (gN/m?);
KN = half-saturation constant for nitrogen (gN/m?);
CLimit = limitation due to inorganic carbon (unitless);
Carbon = available dissolved inorganic carbon (gC/m?); and
KCO2 = half-saturation constant for carbon (gC/md).

Nitrogen fixation in blue-green algae is handled by setting NLimit to 1.0 if Nitrogen isless
than half the KN value. Otherwise, it is assumed that nitrogen fixation is not operable, and NLimit
is computed as for the other algae.

Concentrations must be expressed in terms of the chemical element; therefore, the
concentration of the compound is corrected for the molar weight of the element:

Phosphorus = P2P0O4 - Phosphate (40)
Carbon = C2CO2 - CO2 (41)
Nitrogen = N2NH4 - Ammonia + N2NO3 - Nitrate (42)
where:
P2PO4 = ratio of phosphorus to phosphate (0.33);
Phosphate = available soluble phosphate (g/m®);
N2NH4 = ratio of nitrogen to ammonia (0.78);
Ammonia = available ammonia (g/m®);
N2NO3 = ratio of nitrogen to nitrate (0.23);

4-8
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C2C0O2
CcO2

ratio of carbon to carbon dioxide (0.27); and
inorganic carbon (g/m?).

All these conversions are built into AQUATOX.

Figure 30
Nutrient Limitation

MICHAELIS-MENTEN RELATIONSHIP
DIATOMS

PLIMIT

half-saturation

PHOSPHATE (mg/L)

Like many models (for example, Larsen et al., 1973; Baca and Arnett, 1976; Scaviaet a.,
1976; Smith, 1978; Bierman et a., 1980; Park et a., 1980; Johanson et al., 1980; Grenney and
Kraszewski, 1981; Ambroseet a., 1991), AQUATOX usesthe minimum limiting nutrient, whereby
the Monod equation isevaluated for each nutrient, and the factor for the nutrient that ismost limiting
at aparticular timeis used:

NutrLimit = min(PLimit, NLimit, CLimif) (43

where:
NutrLimit = reduction due to limiting nutrient (unitless).

Alternative formulations used in other models include multiplicative and harmonic-mean
constructs, but the minimum limiting nutrient construct is well-founded in laboratory studies with
individual species.

Current Limitation

Becausethey arefixedin space, periphyton and macrophytesal so arelimited by slow currents
that do not replenish nutrients and carry away senescent biomass. Based on the work of Mclntire
(1973) and Colby and Mclntire (1978), afactor relating photosynthesisto current vel ocity isused for
periphyton and macrophytes:
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VelCoeff - Velocity
1 + VelCoeff - Velocity

VLimit = min(1, RedStillWater + (44)

where:
VLimit = limitation a enhancement due to current velocity (unitless);
RedStillWater = reductionin phdosynthesis in absence of current (unitless);
Vel Coeff = empiricd propationality coefficient for velocity (0.057 unitless; and
Velocity = flow rate (m/s), see(169).

VLimit has a minimum value for phaosynthesis in the absence of currents and increases
asymptoticdly to a maximum value for optimal current velocity (Figure 31). In high currents
entrainment can limit periphyton; see(60). Thevalue of RedStillWater dependsonthecircumstances
under which the maximum phaosynthesis rate was measured; if PMax was measured in still water
then RedStillWater = 1, aherwise avalue of 0.2is appropriate (Colby and Mclntire, 197§.

Figure 31
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Adjustment for Suboptimal Temperature

AQUATOX uses agenera but complex formulationto represent the eff eds of temperature.
All organismsexhibit anorinea, adaptiveresporseto temperature changes (the so-cdl ed Stroganov
function). Processrates other than respirationincrease asthe ambient temperature increases urtil the
optimal temperature for the organism isreaded; beyondthat optimum, processrates deaease until
the lethal temperature isreadied. Thiseffed is represented by a mmplex algorithm developed by
O'Neill et a. (1972 and modified slightly for appli cationto aquatic systems (Park et al., 1974. An
intermediate variable VT is computed first; it isthe ratio of the diff erence between the maximum
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temperature at which aprocesswill occur and the ambient temperature over the diff erence between
the maximum temperature and the optimal temperature for the process

(TMax + Acclimation) - Temperature

) (TMax + Acclimation) - (TOpt + Acclimation) (45)
where:
Temperature = ambient water temperature (°C);
TMax = maximum temperature & which processwill occur (°C);
TOpt = optimal temperature for processto occur (°C); and
Acclimation = temperature acdimation (°C), as described below.

Acdimation to changing temperature is acourted for with a modification developed by
Kitchell et al. (1972:

Acclimation = XM + [1 - ¢ KT - ABSTemperature - TRef))] (46)
where:
XM = maximum acdimation al owed (°C);
KT = coefficient for deaeasing acdimationastemperature goproaches T, 4(unitl esg);
ABS = functionto oltain absolute value; and
TRef = “adaptation” temperature below which thereis noacdimation (°C).

The mathematicd sign of the variable Acclimation is negative if the anbient temperatureis
below the temperature & which there is no acdimation; otherwise, it is paositive.

If thevariable VT islessthan zero, in other words, if the ambient temperature exceeals (TMax
+ Acclimation), then the subogimal fador for temperatureis set equal to zero and the processstops.
Otherwise, the suboimal fador for temperature is caculated as (Park et a., 1979

TCorr = VTAT . o@T - (1-VD) (47)
where:
2., 2
YT = WT* - (1 + /1 + 40/YT) (48)
400
where:
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WT = In(Q10) - (TMax + Acclimation) - (TOpt + Acclimation)) (49)
and,
YT = In(Q10) - (TMax + Acclimation) - (ITOpt + Acclimation) + 2) (50)
where:
Q10 = slope or rate of change per 10°C temperature change (unitless).

This well-founded, robust algorithm for Tcorr is used in AQUATOX to obtain reduction
factors for suboptimal temperatures for all biologic processes in animas and plants, with the
exception of algal respiration. By varying the parameters, organisms with both narrow and broad
temperature tolerances can be represented (Figure 32, Figure 33).

Figure 32 Figure 33
Temperature Response of Blue-Greens Temperature Response of Diatoms
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Algal Respiration

Endogenousor dark respiration isthe metabolic processwhereby oxygenistaken up by plants
for the production of energy for maintenance and carbon dioxide isreleased (Collinsand Wlosinski,
1983). Although it is normally a small loss rate for the organisms, it has been shown to be
exponential with temperature (Aruga, 1965). Riley (1963, seea so Groden, 1977) derived an equation
representing this relationship. Based on data presented by Collins (1980), maximum respiration is
constrained to 60% of photosynthesis. Laboratory experiments in support of the CLEANER model
confirmed theempirical rel ationship and provided additional evidence of thecorrect parameter values
(Collins, 1980), as demonstrated by Figure 34:

Respiration = RespQ - ¢ TResp = Temperature) . Biomqgs (51)
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where:
Respiration = dark respiration (g/m?-d);
Resp0 = respiration rate at 0°C (g/g-d);
TResp = exponential temperature coefficient (unitless);
Temperature = ambient water temperature (°C); and
Biomass = plant biomass (g/m®).

This construct also applies to macrophytes.

Figure 34
Respiration (Data From Collins, 1980)
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Photorespiration

Algal excretion, alsoreferred to as photorespiration, istherel ease of photosynthate (dissolved
organic material) and carbon dioxide that occursin the presence of light. Environmental conditions
that inhibit cell divisionbut still allow photoassi milation result inrel ease of organic compounds. This
is especialy true for both low and high levels of light (Fogg et al., 1965; Watt, 1966; Na ewajko,
1966; Collins, 1980). AQUATOX uses an equation modified from one by Desormeau (1978) that
isthe inverse of the light limitation:

Excretion = KResp - LightStress - Photosynthesis (52)
where:
Excretion = release of photosynthate (g/m*d);
KResp = coefficient of proportionality between excretion and photosynthesis at

optimal light levels (unitless); and
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Photosynthesis = photosynthesis (g/m*d), see (26),
and where:
LightStress = 1 - LtLimit (53)
where:
LtLimit= light limitation for a given plant (unitless), see (28).

It isacontinuous function (Figur e 35) and has atendency to overestimate excretion slightly at light
levelsclosetolight saturation where experimental evidence suggestsaconstant relationship (Collins,
1980). The construct for photorespiration aso applies to macrophytes.

Figure 35
Photorespiration
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Algal Mortality

Nonpredatory algal mortality can occur as a response to toxic chemicals (discussed in
Chapter 8) and as aresponse to unfavorable environmental conditions. Phytoplankton under stress
may suffer greatly increased mortality dueto autolysisand parasitism (Harris, 1986). Therefore, most
phytoplankton decay occursin the water column rather than in the sediments (DePinto, 1979). The
rapid remineralization of nutrientsin the water column may result in asuccession of blooms (Harris,
1986). Sudden changesin the abiotic environment may causethe algal population to crash; stressful
changesincludenutrient depl etion, unfavorabletemperature, and damageby light (LeCrenand Lowe-
McConnell, 1980). These are represented by amortality termin AQUATOX that includes toxicity,
high temperature (Scavia and Park, 1976) and combined nutrient and light limitation (Collins and
Park, 1989):

Mortality = (KMort + ExcessT + Stress) - Biomass + Poisoned (54)
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where:
Mortality
Poisoned
Kmort
Biomass

and where:

and:

where:
ExcessT
TMax
Sress
Emort

NutrLimit
LtLimit

nonpredatory mortality (g/m*d);

mortality rate due to toxicant (g/g-d), see ((269));

intrinsic mortality rate due to high temperature (g/g-d); and
plant biomass (g/m°),

(Temperature - TMax)

ExcessT = 2 (55)

Stress = 1 - e -EMort - (1 - (NutrLimit - LtLimir)) (56)

factor for high temperatures (g/g-d);

maximum temperature tolerated (° C);

factor for suboptimal light and nutrients (g/g-d),

approximate maximum fraction killed per day; if total limitation then
value of 2 = doubled mortality (g/g-d);

reduction due to limiting nutrient (unitless), see (43)

light limitation (unitless), see (29).

Exponentia functions are used so that increasing stress leads to rapid increases in mortality,
especialy with high temperature where mortality is 50% per day at the TMax (Figure 37), and, to a
much lesser degree, with suboptimal nutrients and light (Figure 36). This simulated process is
responsible in part for maintaining realistically high levels of detritus in the simulated water body.
Low temperatures are assumed not to affect algal mortality.

Figure 37
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Sinking

Sinking of phytoplankton, either between layers or to the bottom sediments, ismodeled asa
function of physiological state, similar to mortality. Phytoplankton that are not stressed are
considered to sink at given rates, which are based on field observations and implicitly account for the
effects of averaged water movements (cf. Scavia, 1980). Sinking also is represented as being
impeded by turbulence associated with higher discharge:

KSed = MeanDischarge

Sink = . + SedAccel + Biomass (57)
Depth  Discharge + 0.001
where:
Snk = phytoplankton loss due to settling (g/m3-d);
Ksed = intrinsic settling rate (m/d);
Depth = depth of water or, if stratified, thickness of layer (m);
MeanDischarge=  mean annual discharge (m*/d);
Discharge = daily discharge (m®d), see Table 1; and
Biomass =  phytoplankton biomass (g/m?).

As the phytoplankton are stressed by toxicants and suboptimal light, nutrients, and
temperature, the model computes an exponential increase in sinking (Figure 38), as observed by
Smayda (1974), and formulated by Collins and Park (1989):

SedAccel = eESed - (1 - LtLimit - NutrLimit - TCorr - FracPhoto) (58)

where:
SedAccel = increase in sinking due to physiological stress (unitless);
ESed = exponential settling coefficient (unitless);
LtLimit = light limitation (unitless), see (28);
NutrLimit = nutrient limitation (unitless), see (43); and
FracPhoto = reduction factor for effect of toxicant on photosynthesis (unitless), see
(271);
TCorr = temperature limitation (unitless), see (47).
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Figure 38
Sinking as a Function of Nutrient Stress
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This allows the model to mimic high sedimentation loss associated with the crashes of
phytoplankton blooms, as discussed by Harris (1986). The equation is parameterized so that the
sinking rate doubles as photosynthesisis totally limited, although that can be edited by the user.

Washout and Entrainment

Phytoplankton are subject to downstream drift. In streams and in lakes and reservoirs with
low retention times this may be a significant factor in reducing or even precluding phytoplankton
populations (LeCren and Lowe-McConnell, 1980). The processis modeled asasimplefunction of
discharge:

Washout = M

‘phytoplankton ~— * Biomass (59)

Volume

where:
Washout = loss due to downstream drift (g/m?-d),
Discharge = daily discharge (m®/d), see Table 1;
Volume = volume of site (m®), see (1) and
Biomass = biomass of phytoplankton (g/m?).

Periphyton (and macrophytes, as discussed in the next section) also may be subject to
entrainment and transport asthey outgrow their substrate and as dischargeincreases (Mclintire, 1968,
1973):

Discharge

Washout = Entrainment -

'periphyton, macrophytes

- Biomass
Volume (60)
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Entrainment is afunction of carrying capacity; the formulation is based on Mclntire (1973). Asthe
biomass increases, additional biomassis entrained (Figure 31):

Entrainment = KCapLimit (61)
where:
Entrainment = fraction of biomass available for transport (unitless), and
KCapLimit = limitation due to carrying capacity (unitless), see below.

Because periphyton are limited by the area of substrate avail able, as the biomass approaches
the carrying capacity of the substrate, increasing quantities are dislodged and available for transport
(Figure 39):

KCapLimit = 1 - KCap - Biomass

(62)

KCap
where:
KCap = carrying capacity of periphyton (g/nm?).
Figure 39
Entrainment as a Function of Biomass
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Chlorophyll a is not simulated directly. However, because chlorophyll a is commonly
measured in aguatic systems and because water quality managers are accustomed to thinking of it as
an index of water quality, the model converts phytoplankton biomass estimates into approximate
values for chlorophyll a. The ratio of carbon to chlorophyll a exhibits a wide range of values
depending onthenutrient status of thealgae (Harris, 1986); blue-green algae often have higher values
(cf. Megard et al., 1979). AQUATOX usesavalue of 45 LgC/lg chlorophyll a for blue-greens and
avalue of 28 for other phytoplankton as reported in the documentation for WASP (Ambrose et al .,
1991). The values are more representative for blooms than for static conditions, but managers are
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usually most interested in the maxima. The results are presented as total chlorophyll a in pg/L;
therefore, the ammputationis:

Biomass - CToOr iomass . + Biomass . CToOr
Chlorophylla = BiGr g , (B Diatom om) g

45 28 (63)
- 1000
where:
Chlorophyll a = biomassas chlorophyll a (Lo/L);
Biomass = biomassof given alga (mg/L);
CToOrg = ratio of cabonto biomass(0.526, uiitless; and
1000 = conversion fador for mg to g (unitless.

4.2 Macrophytes

Submersed aqueatic vegetation or maaophytes can be an important comporent of shall ow
aguatic ecosystems. Itisnat unusual for the majority of the biomassin an ecosystem to beintheform
of maaophytes during the growing season. Seasonal maaophyte growth, deah, and cecompasition
can aff ed nutrient cycling, and detritus and oxygen concentrations. By forming dense cover, they can
modify habitat and provide protedion from predation for invertebrates and small er fish (Howick et
a., 1993; thisfunctionis represented in AQUATOX (see Figure 45). Maaophytes aso provide
dired and indired food sources for many speaes of waterfowl, including swans, ducks, and coots
(Juppand Spence, 19771).

AQUATOX represents maaophytes as occupying the littoral zone, that areaof the bottom
surfacethat occurs within the auphdic zone (see(11) for computation). Similar to periphyton, the
compartment has units of g/m? In nature, maaophytes can be grealy reduced if phytoplankton
blooms or higher levels of detritus increase the turbidity of the water (cf. Juppand Spence, 1977%).
Because the depth of the euphdic zone is computed as afunction of the extinction coefficient (12),
the areapredicted to be occupied by maaophytes can increase or deaease depending onthe clarity
of the water.

Themaaophyteequations are based on submodel sdevel oped for the International Biologicd
Program (Tituset a., 1972 Park et al., 1974 and CLEANER models (Park et al., 1980 andfor the
Corps of Engineas CE-QUAL-R1 model (Collinset a., 1985:

de(Z?ass = Loading + Photosynthesis - Respiration - Excretion (64)

- Mortality - Predation —Washout

and:

Photosynthesis = PMax - LtLimit -+ VLimit - TCorr + Biomass + FracLittoral

- FracPhoto (65)
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where:
dBiomass/dt = change in biomasswith resped to time (g/m?d);
Loading = loading of maaophyte, usually used as a “seed” (g/m?d);
Photosynthesis = rate of phatosynthesis (g/m*d);
Respiration = respiratory loss(g/m?d), see(51);
Excretion = excretion a phatorespiration(g/m?d), see(52);
Mortality = nonpedatory mortality (g/m?d), see(66);
Predation = herbivory (g/m?d), see(68);
Washout = lossdue to entrainment (g/m?d), see(60),
PMax = maximum phaosynthetic rate (1/d),
LtLimit = light limitation (unitlesg, see(29),
VLimit = current limitation (unitless, see(44),
TCorr = corredion for subogimal temperature (unitlesg, see(47),
FracLittoral = fradion of bottom that isin the euphdic zone (unitless see(11); and
FracPhoto = reductionfador for effed of toxicant onphaosynthesis (unitlesy, see

(271).

They share many of the constructs with the algal submodel described above. Temperature
limitationismodeled similarly, but with diff erent parameter values. Light limitationalso ishanded
similarly, using the Stede (1962 formulation; the appli cation of thisequationhas been verified with
laboratory data (Collins et a., 1985. Periphyton are guiphytic in the presence of maaophytes; by
growingonthelearesthey contributeto theli ght extinctionfor themaaophytes(Sand-Jensen, 1977).
Extinction dueto periphytonbiomassis computed in AQUATOX, by inclusionin LtLimit. Nutrient
limitationisnot modeled at this time becaise maaophytes can oltain most of their nutrients from
bottom sediments (Bristow and Whitcombe, 19721 Nichds and Keeney, 1976 Barko and Smart,
1980.

Simulation of respiration and excretion utili ze the same equations as algae excretionresults
in"nutrient pumping" becaisethe nutrients are assumed to come from the sedimentsbut are excreted
to the water column. (Because nutrients are not explicitly modeled in batom sediments, this can
result in lossof massbalance, particularly in shallow ponds.) Non-predatory mortality is modeled
simil arly to algaeasafunctionof subogimal temperatureandlight. However, mortality isafunction
of low aswell ashigh temperatures, andwinter die-bad isrepresented asaresult of this control; the
resporseisthe inverse of the temperature limitation (Figur e 40):

Mortality = [Poisoned + (1 - ¢ EMort* (1 - Lilimit - TCorY| . Bijomgss (66)

where;
Poisoned
EMort

= mortality rate due to toxicant (g/g-d) (269), and

= maximum mortality due to subogtimal condtions (g/g-d).
Sloughing of dead leares can be asignificant loss(LeCren and Lowe-McConrell, 1980); it

is smulated as an implicit result of mortality (Figure 41).
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Figure 40 Figure4l
Mortality as a Function of Temperature Mortality as a Function of Light
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Currents and wave agitation can both stimulate and retard macrophyte growth. These effects
will be modeled in a future version. Similar to the effect on periphyton, water movement can
stimulate photosynthesis in macrophytes (Westlake, 1967); the same function could be used for
macrophytes as for periphyton, although with different parameter values. Jupp and Spence (1977b)
have shown that wave agitation can severely limit macrophytes; time-varying entrainment eventually
will be modeled when wave action is simulated.
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4.3 Animals

Zoopankton, benthic invertebrates, benthic inseds, and fish are modeled, with orly slight
differences in formulations, with a generalized animal submodel that is parameterized to represent
different groups:

@ = Load + Consumption - Defecation - Respiration
- Excretion - Death - Predation — GameteLoss (67)
- Washout + Migration - Promotion + Recruit
where:

dBiomass/dt = change in biomassof animal with resped to time (g/m*d);

Load = biomassloading, usually from upstream (g/m?d);

Consumption = consumption o food (g/m*d), see(74);

Defecation = defecdion o unasdmilated food (g/m*d), see(73);

Respiration = respiration (g/m*d), see(76);

Excretion = excretion (g/m*d), see(79);

Death = nonpedatory mortality (g/m*d), see(80);

Predation = predatory mortality (g/m*d), see(75);

GameteLoss = lossof gametes during spawning (g/m-d), see(84);

Washout = lossdue to being caried davnstream by washout and dift (g/m?d),

see(87) and (88);

Migration = loss(or gain) dueto verticd migration (g/m*d), see(91);

Promotion = promotionto next size dassor emergence (g/m*d), see(92); and

Recruit = reauitment from previous sze dass(g/m*d), see(92).

The dhange in biomass(Figure 42) is afunction of anumber of processes (Figure 43) that
are subjed to environmental fadors, including biotic interadions. Similar to the way algae ae
treaed, parametersfor diff erent spedesof invertebrates andfish areloaded andavail ablefor editing
by means of the entry screens.

Consumption, Defecation, and Predation

Severa formulations have been used in various models to represent consumption d prey,
refleding thefad that there are diff erent modes of feeding and that experimental evidencecan befit
by any one of several equations (Mullinet a., 1975 Scavia, 1979 Straskraba and Gnauck, 1985.

Ingestionisrepresentedin AQUATOX by amaximum consumptionrate, adjusted for ambient
foodand temperature wndtions, and reduced for sublethal toxicant effeds:

= CMax

Ingestion ored

 rey, pred * SatFeeding - TCorr,,, + ToxReduction - Biomass,,, (68)
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where;

Figure 42
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Many animals adjust their search or filtration in accordance with the concentration of prey;
therefore, a saturation-kinetic term is used (Park et al., 1974, 1980; Scavia and Park, 1976):

. Preference .- Food
SatFeeding = prey, p
Eprey(Preferencepmy, pred Food) + FHa[fSatmd
IngeStionprey, pred — ingestion of given prey by given predator (g/m*d);

4-23

(69)
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Biomass = concentration of organism (g/m?d);

CMax = maximum feeding rate for predator (g/g-d);

TCorr = reduction factor for suboptimal temperature (unitless), see Figure 32;
Preference = preference of predator for prey (unitless);

Food =  availablefood (g/m°);

FHalfSat = half-saturation constant for feeding by a predator (g/m?); and

ToxReduction reduction due to effects of toxicant (see Eq. (274), unitless).

The food actually available to a predator may be reduced in two ways:
Food = (Biomass,,, - BMin ) - Refuge (70)

prey pre

where:
BMin
Refuge

= minimum prey biomass needed to begin feeding (g/m®); and
= reduction factor for prey hiding in macrophytes (unitless).

Search or filtration may virtually cease below a minimum prey biomass (BMin) to conserve
energy (Figure44), so that aminimum food level isincorporated (Parsonset a., 1969; Steele, 1974;
Park et d., 1974; Scavia and Park, 1976; Scaviaet d., 1976; Steele and Mullin, 1977). However,
cladocerans(for example, Daphnia) must constantly filter becausethefiltratory appendagesal so serve
for respiration; therefore, in these animals there is no minimum feeding level.

Macrophytes can provide refuge from predation; thisis represented by afactor related to the
macrophyte biomass that is original with AQUATOX (Figure45):

Biomass

Refuge = 1 - Macro
fug Biomass + HalfSat (71)

Macro

where;
HalfSat

Biomass,,,.o

half-saturation constant (20, g/m®), and
biomass of macrophyte (g/m?).
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Figure44
Saturation-kinetic Consumption
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AQUATOX isafood-web mode with multi ple potential foodsources. Passvesize-seledive
filtering(Mullin, 1963 LamandFrost, 1976 andadiveraptorial seledion(Burns, 1969 Bermanand
Richman, 1974 Bogdan and McNaught, 1975 Brand and Fernando, 197% occur among aguatic
organisms. Relative preferencesarerepresented in AQUATOX by amatrix of preferenceparameters
first propased by O'Neill (1969 and used in several aquatic models (Bloomfield et al., 1973 Park et
a., 1974 Candleet d., 1976 Scaviaet a., 19769. Higher valuesindicaeincreased preferenceby a
given predator for aparticular prey compared to the preferencesfor al passbleprey. In aher words,
the avail ability of the prey isweighted by the preferencefador.
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The preference factors are normalized so that if a potential food sourceis not modeled or is
below the BMin value, the other preference factors are modified accordingly, representing adaptive
preferences.

Preference = M (72)
prevered — SumPref
where:

Preference, e pred = normalized preference of given predator for given prey
(unitless);

Pref e, pred = initial preference value from the anima parameter screen
(unitless); and

SUmPr ef = sum of preference values for all food sources that are present

above the minimum biomass level for feeding during a
particular time step (unitless).

Similarly, different prey typeshavedifferent potential sfor assimilation by different predators.
The fraction of ingested prey that is egested as feces or discarded (and which is treated as a source
of detritus by the model, see (106)), isindicated by a matrix of egestion coefficients with the same
structure as the preference matrix, so that defecation is computed as (Park et a., 1974):

Defecationpre J = lerey((EgestCoejj;7 ey, pred * IncrEgest) - Ingestionprey, pre d) (73)
where:
Defecation,, = total defecation for given predator (g/m*d);
EgestCoeff ey, pred = fraction of ingested prey that is egested (unitless); and
IncrEgest = increased egestion due to toxicant (see Eq. (275), unitless).

Consumption of prey for a predator is also considered predation or grazing for the prey.
Therefore, AQUATOX represents consumption as a source term for the predator and as aloss term
for the prey:

Consumption ,, = B (Ingestion, . » (74)
Predation,,, = 2 (Ingestion, . .) (75)

where
total consumption rate by predator (g/m?*d); and

Consumption,,,
total predation on given prey (g/m*d).

Predation,,,
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Respiration

Respiration can be mnsidered as having two comporents (Park et a., 1979:
Respirationpre J = SpechnActionpre a Endogenouspre J (76)

where:

respiratory lossof predator (g/m*d);

respiratory lossdue to adivity (g/m*d), see(78); and

basal respiratory lossmodified by temperature (g/m*d); see
(77).

Respiration,
SpecDynAction,, o
Endogenous,,

Basal or endogenousrespirationisarate at resting in which the organismisexpending energy
without uptake (asin overwintering), in contrast to the so-cdled spedfic dynamic adionwhen the
organism ismoving, and consuming and digesting prey. AQUATOX simulates basal respiration as
increasing with increasing temperatureto amaximum value, using the adaptive temperature function
(seeHewett and Johrson, 1992:

Endogenouspre . EndogResppre s T Corrpre 4 ° Biomass,_, (77)
where:
EndogResp,,.; = basal respiration rate & 0° C for given predator (1/day); parameter

inpu by user as “Respiration Rate;”
Stroganov temperature function (unitlesg, seeFigure 32; and
concentration d predator (g/m®).

TCorr e

Biomass,,

Asasimplificaion,spedfic dynamicadionisrepresented aspropartional tofoodassmil ated

SpecDynAction

 red = KResp,, + (Consumption,,, - Defecation, ;) (78)

(Hewett and Johrnson, 1992 see &so Kitchell et a., 1974 Park et al., 1979):

where:
KResp,e = propation of asgmilated energy lost to spedfic dynamic
adion(unitlesy; parameter inpu by user as” Spedfic Dynamic
Action;”
Consumption,, = ingestion (g/m*d); and
Defecation, = egestion d unassmil ated food (g/m*d).
Excretion

Asrespirationoccurs, biomassislost and nitrogen and phospharusareexcreted diredly tothe
water (Horne and Goldman 1994); see(121) and(131). Ganf andBlas ka (1974 have reported that
this processis important to the dynamics of the Lake George, Uganda, ecosystem. Their datawere
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converted by Scavia and Park (1976) to obtain a proportionality constant relating excretion to
respiration:

Excretionpre d = KExcrpre d" Respirationpre J (79)
where:
Excretion,, = excretion rate (g/m?-d);
KEXCS pyeq = proportionality constant for excretion:respiration (unitless); and
Respiration,, = respiration rate (g/med).

Excretion isapproximately 17 percent of respiration, which isnot an important biomass|oss
term for animals, but it isimportant in nutrient recycling.

Nonpredatory Mortality

Nonpredatory mortality is a result of both environmental conditions and the toxicity of
pollutants:

Deathpre g = D,q * Biomass, , + Poisonedpre d (80)
where:
Death,, = nonpredatory mortality (g/m?*-d);
Dyred = environmental mortality rate; the maximum value of three
computations, (81), (82), and (83), isused (1/d);
Biomass, = biomass of given animal (g/m®); and
Poisoned = mortality due to toxic effects (g/m*d), see (269).

Under normal conditions a baseline mortality rate is used:

Dpred - KM0rtpred (81)
where:
KMort,, = normal nonpredatory mortality rate (1/d).

An exponentia function is used for temperatures above the maximum (Figur e 46):

Temperature - T Maxpmi

D

 red = KMort

+
pred 2

(82)

where;
Temperature

TMaxpred

ambient water temperature (°C); and
maximum temperature tolerated (°C).
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Figure 46
Mortality as a Function of Temperature
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The lower lethal temperatureis often 0°C (Leidy and Jenkins, 1976), so it isignored at this
time. Total mortality is assumed when dissolved oxygen drops below 1 g/m?, recognizing that the
predicted level is an average for the entire water column or epilimnetic or hypolimnetic segment:

Dead = 1.0 if Oxygen < 1.0 (83)

Gamete L oss and Recruitment

Eggs and sperm can be a significant fraction of adult biomass; in bluegills these can be 13
percent and 5 percent, respectively (Toetz, 1967), giving an average of 9 percent if the proportion of
sexesisequal. Because only asmall fraction of these gametes results in viable young when shed at
thetime of spawning, theremaining fractionislost to detritusinthemodel. Theconstruct ismodified
from a formulation by Kitchell et a. (1974). As a simplification, rather than requiring species-
specific spawning temperatures, it assumes that spawning occurs when the temperature first enters
the range from six tenths the optimum temperature to 1° less than the optimal temperature. Thisis
based on acomparison of the optimal temperatures with the speci es-specific spawning temperatures
reported by Kitchell et a. (1974). Depending on the range of temperatures, this ssimplifying
assumption usually will result in one or two spawnings per year in atemperate ecosystem, which may
or may not berealistic.

If (0.6 - TOpt) < Temperature < (TOpt - 1.0) then
GameteLoss = (GMort + IncrMort) - FracAdults - PctGamete - Biomass (84)

else GameteLoss = 0

where:
Temperature = ambient water temperature (°C);

4-29
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TOpt = optimum temperature (°C);

GameteLoss = loss rate for gametes (g/m*-d);

GMort = gamete mortality (1/d);

IncrMort = increased gamete and embryo mortality due to toxicant (see Eg.
(276),1/d);

Biomass = biomass of predator (g/m®);

PctGamete = fraction of adult predator biomass that is in gametes (unitless); and

FracAdults = fraction of biomass that is adult (unitless).

Asthe biomass of apopulation reachesits carrying capacity, reproduction is usually reduced
due to stress; thisresultsin apopulation that is primarily adults. Therefore, the proportion of adults
and the fraction of biomass in gametes are assumed to be at a maximum when the biomassis at the
carrying capacity (Figure 47):

FracAdults = 1.0 - (M)

KCap (85)

if Biomass > KCap then Capacity = 0 else Capacity = KCap - Biomass

where:
KCap = carrying capacity (g/m°).

Figure 47
Correction for Population-Age Structure
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Spawning in large gamefish results in an increase in the biomass of small gamefish if both
small and large size classes are of the same species. Gametes are lost from the large gamefish, and
the small gamefish gain the viable gametes through recruitment:

Recruit = (1 - (GMort + IncrMort)) - FracAdults - PctGamete - Biomass (86)
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where:
Recruit = biomass gained from successful spawning (g/m?-d).

Washout and Drift
Downstream transport isan important lossterm for invertebrates. Zooplankton are subject to
transport downstream similar to phytoplankton:

Discharge
Volume

Washout = * Biomass (87)

where:
Washout = loss of zooplankton due to downstream transport (g/md);
Discharge = discharge (m*/d), see Table 1;
Volume = volume of site (m®), see (1); and
Biomass = biomass of invertebrate (g/m?).

Likewise, zoobenthos exhibit drift, which is detachment followed by washout, and it is represented
by aconstruct that isorigina with AQUATOX:

Discharge
Volume

Drift = + Dislodge + Biomass (88)

where:
Drift
Dislodge

loss of zoobenthos due to downstream drift (g/m*d); and
fraction of biomasssubject to drift per day (unitless), see(89) and (90).

Nocturnal drift isanatural phenomenon:
Dislodge = NormalDrift (89)

where:
NormalDrift = fraction of biomass subject to normal drift per day (unitless).

However, drift is greatly increased when zoobenthos are subjected to stress by sublethal and lethal
doses of toxic chemicals (Muirhead-Thomson, 1987), and that is represented by a saturation-kinetic
formulation:

Toxicant

Dislodge = Water
& T oxicanty, .+ EC50Growth (90)

where;
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Toxicant,,.
EC50Growth

concentration of toxicant in water (g/mq); and
concentration at which half the population is affected (g/m?).

Vertical Migration

When presented with unfavorable conditions, most animals will attempt to migrate to an
adjacent area with more favorable conditions. The current version of AQUATOX, following the
example of CLEANER (Park et a., 1980), assumesthat zooplankton and fish will exhibit avoidance
behavior by migrating vertically from an anoxic hypolimnion to the epilimnion. The construct
cal cul ates the absol ute mass of the given group of organismsin the hypolimnion, then divides by the
volume of the epilimnion to obtain the biomass being added to the epilimnion:

If VSeg = Hypo and Anoxic

Migration = HypVolume Biomass ... jpo (91)
EpiVolume
where:
V&g = vertical segment;
Hypo = hypolimnion;
Anoxic = boolean variable for anoxic conditions;
Migration = rate of migration (g/m?*-d);
HypVolume = volume of hypolimnion (m®), see Figure 15;
EpiVolume = volume of epilimnion (m®), see Figure 15; and
Biomass, e nypo = biomass of given predator in hypolimnion (g/m?).

This does not include horizontal migration or avoidance of toxicants and stressful temperatures.
Promotion

Although AQUATOX is an ecosysterm model, promotion to the next size class is important
in representing the emergence of aquatic insects, and thereforeloss of biomassfrom the system, and
in predicting bioaccumulation of hydrophobic organic compoundsinlarger fish. Themodel assumes
that promotion is determined by the rate of growth. Growth is considered to be the sum of
consumption and thelossterms other than mortality and migration; afraction of the growth goesinto
promotion to the next size class (cf. Park et al., 1980):

Promotion = KPropr .q - (Consumption - Defecation - Respiration - Excretion) (92)
where:

Promotion = rate of promotion (g/m*d);

KPro = fraction of growth that goesto promotion or emergence (0.5, unitless);

Consumption = rate of consumption (g/m*d), see (74);

Defecation = rate of defecation (g/m*d), see (73);

4-32
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Respiration
Excretion

= rate of respiration (g/m*d), see (76); and
= rate of excretion (g/m?d), see (79).

This is a simplification of a complex response that depends on the mean weight of the
individuals. However, simulation of mean weight would require modeling both biomassand numbers
of individuals (Park et a., 1979, 1980), and that is beyond the scope of this model at present.

Insect emergence can be an important factor in the dynamics of an aquatic ecosystem. Often
there is synchrony in the emergence; in AQUATOX thisis assumed to be cued to temperature, and
isrepresented by:

If Temperature > (0.8 - TOpt) and Temperature < (TOpt - 1.0) then
(93)
Emergelnsect = 2 - Promotion

where:
Emergel nsect = insect emergence (mg/L-d);
Temperature = ambient water temperature (°C); and
TOpt = optimum temperature (°C);
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5. REMINERALIZATION
5.1 Detritus

The term "detritus" is used to include dl nonliving organic material and asciated
decompasers (baderiaand fungi); as such, it includes both particulate and dislved material in the
senseof Wetzdl (1979, but it also includesthe microfloraandisanaogousto “biodetritus’ of Odum
and de la Cruz (1963 . Detritus is now modeled as eight compartments: refradory (resistant)
dislved, suspended, sedimented, and buried detritus; and labil e (readily decomposed) dissolved,
suspended, sedimented, andburied detritus (Figur e48). Thisdisaggregationisconsidered necessary
to provide more redistic simulations of bioavail ability of toxicants, with orders-of-magnitude
differences in partitioning, and kologicd oxygen demand, which depends largely on the
deacomposition rates. Buried detritus is considered to be taken ou of adive participation in the
functioning of the ecsystem. In general, dislved organic material is abou ten times that of
suspended perticul ate matter inlakesandstreams(Saunders, 1980, andrefradory compoundsusually
predominate; however, the propations are modeled dynamicdly.

Figure 48
Detritus Compartments in AQUATOX
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Theconcentrations of detritusin these eight compartmentsaretheresult of several competing
processes:

dSusp. ﬁ:ﬁ Detr _ Loading + DetrFm - Colonization - Washout (94)
- Sedimentation - Ingestion + Scour + TurbDiff

5-1
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%ﬁm” = Loading + DetrFm + Colonization - Decomposition (95)

- Washout - Sedimentation - Ingestion + Scour + TurbDiff

dDissf;ﬁ' Detr _ Loading + DetrFm - Colonization - Washout £ TurbDiff (96)
M = Loading + DetrFm - Decomposition - Washout = TurbDiff (97)
dSedRefrDetr

= Loading + DetrFm + Sedimentation + Exposure
dt (98)

- Colonization - Ingestion - Scour - Burial

dSedLadbtileDetr = Loading + DetrFm + Sedimentation + Colonization (99)

- Ingestion - Decomposition - Scour + Exposure — Burial

dBuriedRefrDetr

" = Sedimentation + Burial - Scour - Exposure (100)
dBuriedL(;:bileDetr = Sedimentation + Burial - Scour - Exposure (101)
where:
dSuspRefrDetr/dt = change in concentration of suspended refractory detritus with

respect to time (g/m?-d);
change in concentration of suspended labile detritus with
respect to time (g/m?-d);
change in concentration of dissolved refractory detritus with
respect to time (g/m?-d);

dSuspLabileDetr/dt

dDissRefr Detr/dt

5-2
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dDissLabDetr/dt

change in concentration of dissolved labile detrituswith
respect to time (g/m*d);

changein concentration of sedimented refractory detritus with
respect to time (g/m*d);

change in concentration of sedimented labile detritus with
respect to time (g/m*d);

change in concentration of buried refractory detritus with
respect to time (g/m*d);

change in concentration of buried labile detritus with respect
to time (g/m*d);

dSedRefrDetr/dt

dSedLabileDetr/dt

dBuriedRefr Detr/dt

dBuriedLabileDetr/dt

Loading = loading of given detritus from nonpoint and point sources, or
from upstream (g/m*d);

DetrFm = detrital formation (g/m?d);

Colonization = colonization of refractory detritus by decomposers (g/m?*-d),

see (108);

Decomposition loss due to microbial decomposition (g/m?*d), see (112);

Sedimentation transfer from suspended to sedimented by sinking (o/m*d), see
(117);

Scour = resuspension from sedimented, and occasionally from buried,
to suspended (g/m?*d), see (162);

Exposure = transfer from buried to sedimented by scour of overlying
sediments (g/m*d);

Burial = transfer from sedimented to buried due to deposition of
sediments (g/m*d), see (165);

Washout = loss due to being carried downstream (g/m*d), see (13);

Ingestion = lossdueto ingestion by detritivores and filter feeders (g/m?d),
see (68); and

TurbDiff = transfer between epilimnion and hypolimnion dueto turbulent

diffusion (g/m®d), see (19) and (20).

Asasimplification, refractory detritusis considered not to decompose directly, but rather to
be converted to labile detritus through microbia colonization. Labile detritusis then available for
both decomposition and ingestion by detritivores (organisms that feed on detritus). Because
detritivores digest microbes and defecate the remaining organic materia, detritus has to be
conditioned through microbia colonization before it is suitable food. Therefore, the assimilation
efficiency for refractory materia is usualy set to 0.0, and the assimilation efficiency for labile
material isincreased accordingly. Sedimentation and scour, or resuspensi on, are Opposite processes.
In shallow systems there may be no long-term sedimentation (Wetzel et a., 1972), while in deep
systemstheremay belittleresuspension. Inthisversion sedimentationisafunction of flow, icecover
and, in very shallow water, wind based on simplifying assumptions. Burial, scour and exposure are
applicable only in streams where they are keyed to the behavior of clay and silt. Scour as an explicit
function of wave and current action is not implemented.
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Detrital Formation

Detritusisformed in several ways: through mortality, gameteloss, sinking of phytoplankton,
excretion and defecation:

DetrF: mDissRefrDetr

DetrF mDissLabileDetr

DetrFmSuspLabileDetr - Ebiota(Mortz

DetrFm

- 3

= X, (Mort2

DetrFmSedLabileDetr

DetrFm

where:
DetrFm
IVlortzdetr, biota
EXCf 2detr, biota
Deadbiota
Excretion

Gameteloss
Derzdetr, biota
Defecation,,
Snk

SedRefrDetr

« Dead

= X biota(MortZ biota)

SuspRefrDetr detr, biota

(Mort2 * Dead

biota

) + X, (Excr2 - Excretion)

biota detr, biota detr,biota

+ Dead

biota

) + X, (Excr2 - Excretion)

detr, biota biota detr, biota

+ Dead

biota

)+ X GameteLoss

detr, biota animals

- Epred(Deﬂ detr,pred ) Defe cationpred) + 2compartment(Sinkcompartment)

= 2:pred(l)ef2detr,prea' ’ Defe cationpred) > compartment(Sinkcompartment)

formation of detritus (g/m®d);

fraction of given dead organism that goesto given detritus (unitless);
fraction of excretion that goes to given detritus (unitless);

death rate for organism (g/m*d), see (80);

excretion rate for organism (g/m*d), see (52) and (79) for plants and
animals, respectively;

loss rate for gametes (g/m®d), see (84);

fraction of defecation that goesto given detritus (unitless);
defecation rate for organism (g/m*d), see (73); and

sinking rates for labile and refractory portions of phytoplankton
(g/m*d), see (57).

A fraction of mortality, including sloughing of leaves from macrophytes, is assumed to go to
refractory detritus, a much larger fraction goes to labile detritus. Excreted material goes to both
refractory and labile detritus, while gametes are considered to belabile. Half the defecated material
isassumed to belabile because of the conditioning due to ingestion and subsequent inoculation with
bacteriain the gut (LeCren and Lowe-McConnell, 1980); fecal pellets sink rapidly (Smayda, 1971),

5-4
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so defecation istreated asif it were directly to sediments. Phytoplankton that sink to the bottom are
considered to become detritus, most are consumed quickly by zoobenthos (LeCren and Lowe-
McConnell, 1980) and are not available to be resuspended.

Colonization

Refractory detritus is converted to labile detritus through microbial colonization. When
bacteria and fungi colonize dissolved refractory organic matter, they are in effect turning it into
particulate matter. Detritusisusualy refractory becauseit has adeficiency of nitrogen compared to
microbial biomass. In order for microbes to colonize refractory detritus, they have to take up
additional nitrogen from thewater (Saunderset a., 1980). Thus, colonizationisnitrogen-limited, as
well as being limited by suboptimal temperature, pH, and dissolved oxygen:

Colonization = ColonizeMax - DecTCorr - NLimit - pHCorr

- DOCorrection * RefrDetr (108)

where:

Colonization = rate of conversion of refractory to labile detritus (g/m*d);

ColonizeMax = maximum colonization rate under ideal conditions (g/g-d);

NIlimit = limitation due to suboptimal nitrogen levels (unitless), see (110);

DecTCorr = the effect of temperature (unitless), see (109);

pHCorr = limitation due to suboptimal pH level (unitless), see (115);

DOCaorrection = limitation dueto suboptimal oxygen level (unitless), see (113); and

RefrDetr = concentration of refractory detritus in suspension, sedimented, or

dissolved (g/m?).

Because microbial colonization and decomposition invol ves microflorawith awide range of
temperature tolerances, the effect of temperature is modeled in the traditiona way (Thomann and
Mueller, 1987), taking the rate a an observed temperature and correcting it for the ambient
temperature up to a user-defined, high maximum temperature, at which point it dropsto O:

DecTCorr = Theta™? = 705 where
Theta = 1.047 if Temp > 19° else (109)
Theta = 1.185 - 0.00729 - Temp

Theresulting curve has a shoulder similar to the Stroganov curve, but the effect increases up
to the maximum rate (Figur e 49).
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Figure 49. Colonization and Decomposition asa
Function of Temperature.
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The nitrogen limitation construct, which is original with AQUATOX, is computed by:

NLimit = N - MinN 110
N - MinN + HalfSatN (110)

N = N2NH4 + Ammonia + N2NO3 - Nitrate (111)

where:
N = total available nitrogen (g/m°);
MinN = minimum level of nitrogen for colonization (= 0.1 g/m°);
HalfSatN = half-saturation constant for nitrogen stimulation (= 0.15 g/m®);
N2NH4 = ratio of nitrogen to ammonia (= 0.78, unitless); and
N2NO3 = ratio of nitrogen to nitrate (= 0.23, unitless).

It is parameterized using an anaysis of data presented by Egglishaw (1972) for Scottish
streams. A maximum colonization rate of 0.007 (g/g-d) per day isused, based on Mclntire and Colby
(1978, after Sedell et al., 1975).

The rates of decomposition (or colonization) of refractory dissolved organic matter are
comparable to those for particulate matter. Saunders (1980) reported values of 0.007 (g/g-d) for a
eutrophic lake and 0.008 (g/g-d) for atundrapond. Anagerobic rateswere reported by Gunnison et al.
(1985).

Decomposition

Decompositionistheprocess by which detritusisbroken down by bacteriaand fungi, yielding
constituent nutrients, including nitrogen, phosphorus, and inorganic carbon. Therefore, itisacritica

5-6
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process in modeling nutrient recycling. In AQUATOX, following a concept first advanced by Park
et al. (1974), the process is modeled as a first-order equation with multiplicative limitations for
suboptimal environmental conditions (see section 4.1 for a discussion of similar construct for
photosynthesis):

Decomposition = DecayMax + DOCorrection + DecTCorr + pHCorr - Detritus (112)
where:

Decomposition = loss due to microbial decomposition (g/m* d);

DecayMax = maximum decomposition rate (g/g-d);

DOCorrection = correction for anaerobic conditions (unitless), see (113);

DecTCorr = the effect of temperature (unitless), see (109);

pHCorr = correction for suboptimal pH (unitless), see (115); and

Detritus = concentration of detritus, including dissolved but not buried (g/m°).

Note that biomass of bacteriaisnot explicitly modeled in AQUATOX. In some models (for
example, EXAMS, Burnset a., 1982) decompositionisrepresented by asecond-order equation using
an empirical estimate of bacteria biomass. However, using bacterial biomass as a site constant
constrainsthe model, potentially forcing therate. Decomposers were modeled explicitly asapart of
the CLEAN model (Clesceri et a., 1977). However, if conditions are favorable, decomposers can
doublein 20 minutes; thiscan result in stiff equations, adding significantly to the computational time.
Ordinarily, decomposers will grow rapidly as long as conditions are favorable. The only time the
biomass of decomposers might need to be considered explicitly is when a new organic chemical is
introduced and the microbial assemblage requirestime to become adapted to using it as a substrate.

The effect of temperature on biodegradation is represented by Equation (109), which alsois
used for colonization. The function for dissolved oxygen, formulated for AQUATOX, is:
DOCorrection = Factor + (1 - Factor) + KAnaerobic (113)

wherethepredicted DO concentrationsare entered into aMichaelis-Menten formul ation to determine
theextent to which degradati on rates are aff ected by ambient DO concentrations (Clesceri, 1980; Park
et a., 1982):

Oxygen

Factor HalfSatO + Oxygen (114)
and:
Factor = Michaelis-Menten factor (unitless);
KAnaerobic = decomposition rate at 0 g/m? oxygen ,
Oxygen = dissolved oxygen concentration (g/m®); and
HalfSatO = half-saturation constant for oxygen (g/mq).
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It accounts for both decreased (Figure 50) and increased (Figure 51) degradation rates under
anaerobic conditions, with KAnaer obic having valueslessthan oneand greater than one, respectively.
Detrituswill awaysdecompose mores owly under anaerobic conditions; but someorganic chemicals,
such as some halogenated compounds (Hill and McCarty, 1967), will degrade more rapidly. Half-
saturation constants of 0.1 to 1.4 g/m? have been reported (Bowie et al., 1985); avaue of 0.5 g/m?
isused as a default.

Figure 50 Figure51
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Another important environmental control on the rate of microbial degradation is pH. Most
fungi grow optimally between pH 5 and 6 (Lyman et a., 1990), and most bacteriagrow between pH
6 to about 9 (Alexander, 1977). Microbial oxidationismost rapid between pH 6 and 8 (Lymanet al.,
1990). Withinthe pH range of 5 and 8.5, therefore, pH is assumed to not affect the rate of microbial
degradation, and the suboptimal factor for pH isset to 1.0. In the absence of good data on the rates
of biodegradation under extreme pH conditions, biodegradation is represented as decreasing
exponentially beyond the optimal range (Park et al., 1980a; Park et al., 1982). If the pH isbelow the
lower end of the optimal range, the following equation is used:

pHCorr = ¢@H - pHiMin) (115)
where:
pH = ambient pH, and
pHMin = minimum pH below which limitation on biodegradation rate occurs.
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If the pH is above the upper end of the optimal range for microbial degradation, the following
eguation is used:

pHCorr = ¢ @HMmax - pH) (116)

where:
pHMax = maximum pH above which limitation on biodegradation rate occurs.

These responses are shown in Figure 52.
Figure 52
Limitation Due To pH
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Sedimentation

Inthisversion, sedimentation of parti cul ate detritusismodel ed using simplifying assumptions.
The constructs are intended to provide general responses to environmental factors, but they should
not be considered as anything more than place holders for more realistic hydrodynamic functions to
be incorporated in later versions.

Sedimentation = KS_ec]i - Deaccel - State (117)
1C.
where:
Sedimentation = transfer from suspended to sedimented by sinking (g/m?-d), see (117);
KSed = sedimentation rate (m/d);
Thick = depth of water or thickness of layer if stratified (m);
Deaccel = deceleration factor (unitless), see (118); and
Sate = concentration of particulate detrital compartment (g/m?).

If the discharge exceeds the mean discharge then sedimentation is slowed proportionately
(Figure53):
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If TotDischarge > MeanDischarge then

_ MeanDischarge
Deaccel = (118)
TotDischarge + 0.001
else Deaccel = 1.0
where:
TotDischarge = total epilimnetic and hypolimnetic discharge (m*d); and
MeanDischarge=  mean discharge over the course of the simulation (m?d).

Figure 53. Relationship of Deaccel to Discharge
with aMean Discharge of 5 m?/s.
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If the depth of water islessthan or equal to 1.0 m and wind speed is greater than or equal to
5.5 m/sthen the sedimentation rateis negative, effectively becoming therate of resuspension. If there
isice cover, then the sedimentation rate is doubled to represent the lack of turbulence.

5.2 Nitrogen

Two nitrogen compartments, ammonia and nitrate, are modeled (Figure 54). Nitrite occurs
invery low concentrationsand israpidly transformed through nitrification and denitrification (Wetzel,
1975); therefore, it is modeled with nitrate. Likewise, un-ionized ammonia (NH,) isnot modeled as

a separate state variable. Ammoniais assimilated by algae and macrophytes and is converted to
nitrate as aresult of nitrification:

d4dmmonia .
————— = Loading + Excrete + Decompose

dr (119)
- Niwrify - Assim,, . - Washout
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where:
dAmmonia/dt = change in concentration of ammoniawith time (g/m?d);
Loading = loading of nutrient from inflow (g/m*d);
Excrete = ammonia derived from excretion by animals (g/m?d), see (121);
Decompose = ammonia derived from decomposition of detritus (g/m®d), see (120);
Nitrify = nitrification (g/m?-d), see (127);
Assimilation = assimilation of nutrient by plants (g/m®d), see (124) and (125); and
Washout = loss of nutrient due to being carried downstream (g/m?-d), see (13).

Ammoniais aproduct of decomposition:

Decompose = X%, . (Org2Ammonia - Decomposition,,,.. ) (120)
It is also excreted directly by organisms:
Excrete = L, (Org2dmmonia ExcretionOrgamsm) (121)

where:
Org2Ammonia
Decomposition

ratio of ammoniato organic matter (unitless);

decomposition rate of given type of detritus, (g/m*d), see
(112); and

excretion rate of given organism (g/m*d), see (79).

Excretion

Nitrate is assimilated by plants and is converted to free nitrogen (and lost) through
denitrification:

sz;:ate = Loading + AtmosDep + Nitrify - Denitrify - Assim,, . - Washout (122)
where:
dNitrate/dt change in concentration of nitrate with time (g/m?-d);

AtmosDep = atmospheric deposition (g/m*d); and
Denitrify = denitrification (g/m?-d).
Deposition directly from the atmosphereis :

AtmosDep = NAtmos - Area

Volume (123)

where:
NAtmos = average observed atmospheric deposition rate (g/m?d);
Area = area of site (m?); and
Volume = volume of water at site (m®).

5-11
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Free nitrogen can befixed by blue-green algae. Both nitrogen fixation and denitrification are
subj ect to environmental controlsand are difficult to model with any accuracy; therefore, thenitrogen
cycleis represented with considerable uncertainty.

Figure54
Components of Nitrogen Remineralization
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Assimilation

Nitrogen compoundsareassimilated by plantsasafunction of photosynthesisintherespective
groups (Ambrose et al., 1991):

Assimilation ,,,, . = X, (Photosynthesis,, . * UptakeNmogen + NH4Pref) (124)
Assimilation,,, =~ = %, (Photosynthesis,, - Uptake,.. on (1 - NH4Pref)) (125)
where:
Assimilation = assimilation rate for given nutrient (g/m®d);
Photosynthesis = rate of photosynthesis (g/m®d), see (26);
Uptake = fraction of photosynthate that is nutrient (unitless);
NH4Pref = ammonia preference factor (unitless) ,

Only 23 percent of nitrate is nitrogen, but 78 percent of ammoniais nitrogen. Thisresultsin
an apparent preferencefor ammonia. The preferencefactor is cal culated with an equation devel oped
by Thomann and Fitzpatrick (1982) and cited and used in WASP (Ambrose et a., 1991):



AQUATOX TECHNICAL DOCUMENTATION CHAPTER 5

NHA4Pref =

N2NH4 - Ammonia - N2NO3 - Nitrate

+
(KN + N2NH4 - Ammonia) - (KN + N2NO3 - Nitrate)

N2NH4 - Ammonia - KN (126)

(N2NH4 - Ammonia + N2NO3 - Nitrate) - (KN + N2NO3 - Nitrate)

where:
N2NH4
N2NO3
KN
Ammonia
Nitrate

ratio of nitrogen to anmonia (0.78);

ratio of nitrogen to nitrate (0.23);

half-saturation constant for nitrogen uptake (g N/m°);
concentration  ammonia (g/m®); and

concentration d nitrate (g/md).

For algaeother than blue-greens, UptakeistheRedfield (1958 ratio; although other ratios(cf.
Harris, 1986 may be used by editi ng the parameter screen. At this time nitrogen-fixation by blue-
greensisrepresented by using a small er uptake ratio, thus "creding" nitrogen.

Nitrification and Denitrification

Nitrificaionisthe conversionof ammoniato nitrite and then to nitrate by nitrifying baderia.
The maximum rate of nitrificationisreduced by limitationfadorsfor subogimal dissolved oxygen
and pH, simil ar to the way that decompositionis modeled, but using the more restrictive corredion
for suboptimal temperature used for plants and animals:

Nitrify = KNitri - DOCorrection - TCorr - pHCorr - Ammonia (127)

where;

Nitrify

KNitri
DOCorrection
TCorr

pHCorr
Ammonia

nitrification rate (g/m?d);

maximum rate of nitrification (g nitrate/g anmonia);
corredion for anaaobic condtions (unitlesg see(113);
corredion for subogimal temperature (unitlesg; see(47);
corredion for subogimal pH (unitlesy, see(115);
concentration o ammonia (g/m®); and

The nitrifying baderia have narrow environmental optima; acording to Bowie & al. (1985 they
requireaerobic condtionswithapH between 7 and9.8,an optimal temperature of 30°,andminimum
and maximum temperatures of 10° and 60°respedively (Figure 55, Figure 56).



AQUATOX TECHNICAL DOCUMENTATION

CHAPTER 5

Figure55
Response to pH, Nitrification

Figure 56

Response to Temperature, Nitrification
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In contrast, denitrification (the conversion of nitrate and nitrite to free nitrogen) is an
anaerobic process, so that DOCorrection enhances the process (Ambrose et al., 1991):

Denitrify = KDenitri *

where:
Denitrify
KDenitri
Nitrate

(1 - DOCorrection) + TCorr - pHCorr -

denitrification rate (g/m*d);
maximum rate of denitrification (g anmonia/g nitrate); and
concentration of nitrate (g/md).

Nitrate (128)

Furthermore, it is accomplished by alarge number of reducing bacteria under anaerobic conditions
and with broad environmental tolerances (Bowie et al., 1985; Figure 57,Figure 58).

Figure57
Response to pH, Denitrification
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5.3 Phosphorus

dPhosphate

dr

Thephosphoruscycleismuch simpler than the nitrogen cycle. Decomposition, excretion, and

= Loading - FracAvail + AtmosDep + Excrete + Decompose

- Assim Phosphate Washout

assimilation are important processes that are similar to those described above:

where;

Area

AtmosDep = PAtmos -
Volume

Excrete = X, (Org2Phosphate - Excretiony, )

Decompose = X%, .. (Org2Phosphate - Decomposition,,, ... )

Assimilation = X, (Photosynthesisy, . * Uptakephosphoms)

dPhosphate/dt = change in concentration of phosphate with time (g/m?-d);
Loading = loading of nutrient from inflow (g/m?-d);

FracAvall = fraction of phosphate loading that is available (unitless);
AtmosDep = loading of nutrient directly from atmosphere (g/m?d);
Excrete = phosphate derived from excretion by biota (g/m*d);
Decompose = phosphate derived from decomposition of detritus (g/m*d);
Assimilation = assimilation by plants (g/m?-d);

Washout = loss due to being carried downstream (g/m*d), see (13);
Patmos = average observed atmospheric deposition rate (g/m?d);
Area = area of site (m?);

Volume = volume of water at site (m®);

Org2Phosphate = ratio of phosphate to organic matter (unitless);

Excretion = excretion rate for given organism (g/m*d), see (79);
Decomposition = decompositionratefor given detrital compartment (g/m*d), see (112);
Photosynthesis = rate of photosynthesis (g/m®d), see (26), and

Uptake = fraction of photosynthate that is phosphate (unitless).

(129)
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At thistime AQUATOX modelsonly phosphate availablefor plants; acorrection factor inthe
loading screen allows the user to scale total phosphate loadings to available phosphate. A future
enhancement coul d beto consider phosphate preci pitated with cal cium carbonate, which woul d better
represent the dynamics of marl lakes; however, that process is ignored in the current version. A
default value is provided for average atmospheric deposition, but this should be adjusted for site
conditions. In particular, entrainment of dust from tilled fields and new highway construction can
cause significant increases in phosphate loadings. As with nitrogen, the uptake parameter is the
Redfield (1958) ratio; it may be edited if adifferent ratio is desired (cf. Harris, 1986).

5.4 Dissolved Oxygen

Oxygen is an important regul atory endpoint; very low levels can result in mass mortality for
fish and other organisms, mobilization of nutrients and metals, and decreased degradation of toxic
organic materials. Dissolved oxygen is a function of reaeration, photosynthesis, respiration,
decomposition, and nitrification:

dOxygen

gy = Loading + Reaeration + Photosynthesized

- BOD - NitroDemand - Washout

Photosynthesized = O2Biomass * X, (Photosynthesisy,;, )

BOD = O2Biomass * (X, (Decompositiony,,..) + X, mcn(Respirationy, .. ))

NitroDemand = O2N - Nitrify

where:
dOxygen/dt = change in concentration of dissolved oxygen (g/m*d);
Loading = loading from inflow (g/m?d);
Reaeration = atmospheric exchange of oxygen (g/m*d);
Photosynthesized = oxygen produced by photosynthesis (g/m*-d);
BOD = instantaneous biological oxygen demand (g/m*d);
NitroDemand = oxygen taken up by nitrification (g/m*d);
Washout = loss due to being carried downstream (g/m*d), see (13);
O2Biomass = ratio of oxygen to organic matter (unitless);
Photosynthesis = rate of photosynthesis (g/m*d), see (26), (65);
Decomposition = rate of decomposition (g/m?d), see (112);
Respiration = rate of respiration (g/m*d), see (76);
O2N = ratio of oxygen to nitrogen (unitless); and
Nitrify = rate of nitrification (g N/m?-d).

5-16
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Reaerationisafunction of the depth-averaged masstransfer coefficient KReaer, corrected for
ambient temperature, multiplied by the difference between the dissolved oxygen level and the
saturation level (cf. Bowie et al., 1985):

Reaeration = KReaer - (02Sat - Oxygen) (138)
where:
Reaeration = mass transfer of oxygen (g/m*d);
KReaer = depth-averaged reaeration coefficient (1/d);
0O2Sat = saturation concentration of oxygen (g/m?), see (147); and
Oxygen = concentration of oxygen (g/m?).

In standing water KReaer iscomputed asaminimum transfer velocity plusthe effect of wind
on the transfer velocity (Schwarzenbach et al., 1993) divided by the thickness of the mixed layer to
obtain a depth-averaged coefficient (Figure 59):

. Wind?
KReaer - 0.346 + 0.0346 - Wind (139)

Thick

where;
Wind
Thick

wind velocity 10 m above the water (m/sec); and
thickness of mixed layer (m).

In streams, reaeration isafunction of current vel ocity and water depth (Figur e 60) following
the approach of Covar (1978, seeBowieet a., 1985) and used in WASP (Ambroseet al., 1991). The
decision rules for which equation to use are taken from the WA SP5 code (Ambrose et al., 1991).

If Vel <0.518:
TransitionDepth = 0 (140)
else
TransitionDepth = 4.411 - Vel?°13 (141)
where:
Vel = velocity of stream (m/sec); and
TransitionDepth = intermediate variable (m).

If Depth < 0.61 m, the equation of Owens et a. (1964, cited in Ambrose et a., 1991) is used:
KReaer = 5.349 - Vel®" - Depth 1% (142)



AQUATOX TECHNICAL DOCUMENTATION CHAPTER 5

where:
Depth = mean depth of stream (m).

Otherwise, if Depth is > TransitionDepth, the equation of O'Conna and Dobhins (1958, cited in
Ambrose @ a., 199) is used:
KReaer = 3.93 - Vel® - Depth 15 (143

Else, if Depth < TransitionDepth, the equation d Churchill et al. (1962,cited in Ambrose € al.,
1997) is used:

KReaer = 5.049 - Vel®®" - Depth ¢ (144)

In extremely shall ow streams, espedall y experimental streams where depth is< 0.06m, an
eguationdevel oped by Krenkel and Orlob (1962 cited in Bowieet al. 1985 from flume datais used:

234 - (U - Slope)®4%®

KReaer =
H0.66
where:
U = velocity (fps);
Sope = longitudinal channel slope (m/m); and
H = water depth (ft).

If reagationdueto windexcealsthat dueto current velocity, the equationfor standing water
isused. Reaeationis st to Oif icecover isexpeded (i.e., when the depth-averaged temperature <
3°C).
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Figure 59 Figure 60
Reaeaation as a Function o Wind Reaeaationin Streams
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Reaeation is asauimed to be representative of 20°C, so it is adjusted for ambient water
temperature using (Thomann and Mueller 1987):

KReaer, = KReaer.,, - Thetq Temperatre = 20) (146)

where:
KReaer; = Reaeation coefficient at ambient temperature (1/d);
Kreaer,, = Reaeation coefficient for 20°C (1/d);
Theta = temperature efficient (1.0249; and
Temperature = ambient water temperature (°C).

Oxygen saturation, asafunction of both temperature (Figur e 61) and sdli nity (Figure 62), is
based onWeiss(1970,cited in Bowie ¢ al., 1985:

025at = 14277 exp[-173.4927 + 2396339 | 143 3483 1| TKEWIN| (51849
TKelvin 100

*TKelvin + S - (-0.033096 + 0.00014259 - TKelvin -1.7 1077 - \/TKelvin)]

(147)

where:
Kelvin temperature, and

salinity (ppt).

TKelvin
S
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According to Bowie et al. (1985), it gives results that are not significantly different from those
computed by the more complex APHA (1985) equations that are used in WASP (et d., 1993). At
the present time salinity is set to O; although, it has little effect on reaeration.

Figure 61 Figure 62
Saturation as a Function of Temperature Saturation as a Function of Salinity
OXYGEN SATURATION OXYGEN SATURATION
SALINITY =0 ppt TEMPERATURE =20C
12 8.55
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E"IO g, 85
% 8 % 8.45
= 6 = 84
é é 8.35
22 2
< 2 < 83
2] v
0 825
3 75 12 165 21 2535 30 345 39 0 45 9 135 18 225 27 315 36
TEMPERATURE (C) SALINITY (ppt)

5.5 Inorganic Carbon

Many models ignore carbon dioxide as an ecosystem component (Bowie et al., 1985).
However, it can be an important limiting nutrient. Similar to other nutrients, it is produced by
decomposition and is assimilated by plants; it also is respired by organisms:

dCcoz2

% = Loading + Respired +Decompose

- Assimilation — Washout = CO2AtmosExch

where:
Respired = CO2Biomass - % Orgamsm(RespirationOrganism)
Assimilation = X, (Photosynthesis,, - UptakeCO2)
Decompose = CO2Biomass * %, . (Decomp, . )
and where:
dCO2/dt = change in concentration of carbon dioxide (g/m*d);
Loading = loading of carbon dioxide from inflow (g/m?d);

5-20
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Respired = carbon dioxide produced by respiration (g/m?d);
Decompose = carbon dioxide derived from decomposition (g/m?-d);
Assimilation = assimilation of carbon dioxide by plants (g/m*d);
Washout = loss due to being carried downstream (g/m*d), see (13);
CO2AtmosExch = interchange of carbon dioxide with atmosphere (g/m*-d);
CO2Biomass = ratio of carbon dioxide to organic matter (unitless);
Respiration = rate of respiration (g/m*d), see (76);

Decomposition = rate of decomposition (g/m*d), see (112);
Photosynthesis = rate of photosynthesis (g/m®d), see (26); and
UptakeCO2 = ratio of carbon dioxide to photosynthate (= 0.53).

Carbon dioxide aso is exchanged with the atmosphere; this processisimportant, but is not
instantaneous: significant undersaturation and oversaturation are possible (Stumm and Morgan,
1996). The treatment of atmospheric exchange is similar to that for oxygen:

CO2AtmosExch = KLigCO?2 - (CO2Sat - CO2) (152)

Infact, themasstransfer coefficient isbased onthewel | -established reaeration coefficient for oxygen,
corrected for the difference in diffusivity of carbon dioxide as recommended by Schwarzenbach et
al. (1993):

(153)

0.25
KLiqgCO2 = KReaer - ( MolWiO2 )

MolwtCO2

where:
CO2AtmosExch = interchange of carbon dioxide with atmosphere (g/m*-d);
KLigCO2 = depth-averaged liquid-phase mass transfer coefficient (1/d);
CO2 = concentration of carbon dioxide (g/m?);
CO2Sat = saturation concentration of carbon dioxide (g/m°), see (154);
KReaer = depth-averaged reaeration coefficient for oxygen (1/d), see (139)-
(146);
MolWO2 = molecular weight of oxygen (=32); and
MolWCO2 = molecular weight of carbon dioxide (= 44).

Keying the mass-transfer coefficient for carbon dioxide to the reaeration coefficient for
oxygenisvery powerful in that the effects of wind (Figure 63) and the vel ocity and depth of streams
can be represented, using the oxygen equations (Equations (139)- (144)).
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Figure 63
CarbonDioxide MassTransfer
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Based on this approad, the predicted masstransfer under still condtionsis0.92,compared
to the observed value of 0.89+ 0.03(Lyman et a., 1982. This same gproad is used, with minor
modifications, to predict the volatili zation d other chemicds (see Sedion 7.5). Computation d
saturation of carbon dioxide is based on the method in Bowie et a. (1985 seeaso Chapra and
Redkhow, 1983 using Henry's law constant, with its temperature dependency (Figure 64), and the
partial pressure of carbon doxide:

CO2Sat = CO2Henry *+ pCO2 (154)
where:
8573 _ 140184 + 0.0152642 - TKelvin
CO2Henry = MCo2 - 10 Tewin (155)
TKelvin = 273.15 + Temperature (156)
and where:
CO2Sat = saturation concentration o carbon doxide (g/m°);
CO2Henry = Henry's law constant for carbon doxide (g/m?-atm)
pCO2 = atmospheric partia presaure of carbon doxide (= 0.00035;
MCQO2 = mg carbon doxide per mole (= 44000;
Tkelvin = temperaturein °K, and
Temperature = ambient water temperature (°C).
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Figure 64
Saturation of Carbon Dioxide
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6. INORGANIC SEDIMENTS!

The sediment transport component of AQUATOX simulates scour, deposition and transport
of sediments and cal cul ates the concentration of sediments in the water column and sediment bed
within ariver reach. For running waters, the sediment is divided into three categories according to
the particle size: 1) sand, with particle sizes between 0.062 to 2.0 millimeters (mm), 2) silt (0.004 -
0.062 mm), and 3) clay (0.00024 0.004 mm). Wash load (primarily clay and silt) is deposited or
eroded within the channel reach depending onthedaily flow regime. Sand transport isal so computed
within the channel reach. At present, inorganic sediments in standing water are computed based on
total suspended solids loadings, described in section 6.3.

The river reach is assumed to be short and well mixed so that concentration does not vary
longitudinally. Flow routing isnot performed within theriver reach. Thedaily average flow regime
determines the amount of scour, deposition and transport of sediment. Scour, deposition and
transport quantities are also limited by the amount of solids available in the bed sediments and the
water column.

Inorgani ¢ sediments areimportant to the functioning of natural and perturbed ecosystemsfor
several reasons. When suspended, they increaselight extinction and decrease photosynthesis. When
sedimented, they cantemporarily or permanently removetoxicantsfrom the active ecosystem through
deep burial. Rapid sedimentation can adversely affect periphyton and some zoobenthos. Scour can
also adversdly affect periphyton and zoobenthos. Theratio of inorganic to organic sediments can be
used as an indicator of aerobic or anaerobic conditions in the bottom sediments.

The mass of sediment in each of the three sediment size classesis afunction of the previous
mass, and the mass of sediment in the overlying water column lost through deposition, and gained
through scour:

MassBedS wd = MassBed,

Sed 1=-1 T (DepositSed - ScourSe d) . VolumeWater (157)

where:
MassBed,,, = mass of sediment in channel bed (kg);
MassBedg ;- 4 = mass of sediment in channel bed on previous day (kg);
Deposite, = amount of suspended sediment deposited (kg/m?);
Scour oy = amount of silt or clay resuspended (kg/m®); and
Volume, .« = volume of stream reach (m?).

The volumes of the respective sediment size classes are calculated as:

! Original riverine version contributed by Rodolfo Camacho of Abt Associates Inc.; not
validated

6-1
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MassBed, ed

Volume, , = —— ==
Sed R h OSed (158)

where:
Volumeg,, = volume of given sediment size class (m°);
MassBed,,, = mass of the given sediment size class (kg); and
Rhog, = density of given sediment size class (kg/m?).

The concentrations of silt and clay in the water column are computed similarly to the mass
of those sedimentsin the bed, with the addition of loadings from upstream and |osses downstream:

KgLoad,,, )
Concg,, = m + Concg,; ,_ | + Scourg,, - Depositg,; - Washy,, (159)
where:
Concg, = concentration of silt or clay in water column (kg/m®);
ConCeyy -y = concentration of silt or clay on previous day (kg/m?®);
KgLoadg, = loading of clay or silt (kg/d);
Q = flow rate (m*/s converted to m*/d);
Scour o = amount of silt or clay resuspended (kg/m®);
Deposite, = amount of suspended sediment deposited (kg/m®); and
Washg, = amount of sediment lost through downstream transport (kg/m°).

The concentration of sand is computed using atotally different approach, which is described
in Section 6.2.

6.1 Deposition and Scour of Silt and Clay
Relationships for scour and deposition of cohesive sediments (silts and clays) used in
AQUATOX arethe same asthe ones used by the Hydrol ogic Simulation Program in Fortran (HSPF,
US EPA 1991). Deposition and scour of silts and clay are modeled using the relationships for
deposition (Krone, 1962) and scour (Partheniades, 1965) as summarized by Partheniades (1971).
Shear stress is computed as (Bicknell et al., 1992):
Tau = H2ODensity - Slope - HRadius (160)

where;

Tau shear stress (kg/m?);

6-2
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H20Density
Sope

density of water (1000 kg/m®);
slope of channdl (m/m);

and hydraulic radius (HRadius) is (Colby and Mclntire, 1978):

Y - Width
HRadius =
YT TY 1 wiam (16D
where:
HRadius = hydraulic radius (m);
Y = dynamic mean depth (m); and
Width = channel width (m).

Resuspension or scour of bed sedimentsis predicted to occur when the computed shear stress
is greater than the critical shear stress for scour:

if Tau > T auScourSe d then

Erodibility,, Tau (162)
Scour,; = . -1
Y TauScour,,
where:
Scour o = resuspension of silt or clay (kg/m®);
Erodibilityey, = erodibility coefficient (kg/m?); and
TauScourg,, = critical shear stress for scour of silt or clay (kg/m?).

The amount of sediment that is resuspended is constrained by the mass of sediments stored
inthebed. Anintermediate variable representing the maximum potential mass that can be scoured
is calculated; if the mass availableis less than the potential, then scour is set to the lower amount:

Checkg,, = Scour,, * Volume,, . (163)

if Massg,,; < CheckSe d then

Massg,, (164)

Scour, , = ——— =
Sed
Volume Water

where:
Checkg,, maximum potential mass (kg); and

mass of silt or clay in bed (kg).

6-3
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Deposition ocaurs when the computed shea stressislessthan the criticd depaositional shea

stress
if Tau < TauDepy,, then
MMsa (1 ] T_) (165)
Depositg,, = Concg,, - \1 - e Y TauDepses
where:
Deposit,, = amourt of sediment deposited (kg/m°);
TauDepy,, = critica depositional shea stress(kg/m?);
Concgy = concentration d silt, clay, or sand (kg/m°); and
VT = terminal fall velocity of given sediment type (m/s).
The settling velocity is computed from Stoke's law (Schnoa, 1987%:
Rho,, - Rh D, \?
VTS = g . 0 ed 0 . Sed (166)
¢ 18 - Visc Rho 1000
where:
g = gravitational acceeration constant (9.807m/s%);
Visc = kinematic viscosity of water (m?/s);
Rho = density of water (kg/m?);
Rhog, = density of given sediment (kg/m®); and
Dgy = particle diameter for given sediment (mm, converted to m).

Downstreanm transport isanimportant mechanismfor lossof suspended sediment fromagiven
stream read. In a stealy-state simulation with constant flow and vdume and with a one-day time
step, the downstream transport of sedimentsis simply the amourt of sedimentsin suspensionin the
previous time step:

WashSed = ConcSea,’t:_1

where:
Washg = amourt of given sediment lost to dowvnstream transport (kg/m?).
6.2 Scour, Deposition and Transport of Sand

Scour, depositionandtransport of sand are simulated using the Engelundand Hansen (1967)
sediment transport relationships as presented by Brownlie (1981). This relationship was sleded
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because of its ssimplicity and accuracy. Brownlie (1981) shows that this relationship gives good
results when compared to 13 others using afield and laboratory data set of about 7,000 records.

stConcy, | = 005 - — L0 Velocity - Slope . JTauSt
Rhog,,; — Rho \l Rhog, , - Rho b 1000 (168)
Rho g Sam/
where:
PotConcg,y = potential concentration of suspended sand (kg/m?);
Rhog,4 = density of sand (kg/m®);
Velocity = flow velocity (m/s);
Sope = slope of stream (m/m);
D = mean diameter of sand particle (mm converted to m); and
TauStar = dimensionless shear stress.

The flow velocity is calculated by:

V l ] = L
clocity Y - Width (169)

where:

Q = flow rate (m®/s);

Y = dynamic mean depth of water (m); and

Width = channel width (m).

The dimensionless shear stressis calculated by:

TauStar = Rho + HRadius - __Slope (170)
Rhog, , — Rho Dg,,/1000

where:

HRadius = hydraulic radius (m).

Once the potential concentration has been determined for the given flow rate and channel
characteristics, itiscompared with the present concentration. If thepotential concentrationisgreater,
the difference is considered to be made available through scour, up to the limit of the bed. If the
potential concentrationislessthanwhat isin suspension, thedifferenceisconsidered to be deposited:

Checkg,,, = PotConcg,,, - Volume,, (171)
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MassSuspg,, , = Concg, , - Volume,, . (172)

TotalMassg,,, = MassSuspg,, , + MassBed,, , (173)

if Checkg,, , < MassSuspg, , then
Depositg,, , = MassSuspg, ., — Check, , (174)

Conc and = PotConc Sand

if CheckSa wd 2 Tt otalMassSa d then

MassBedSand =0

(175)
TotalMass
Concg,,, = S
Volumey, .
if Checkg,, , > MassSuspg, , and < TotalMass, , then
Scourg,, , = Checkg, , - MassSuspg,, , 176

~ MassSuspg,, , + Scourg,, ,
Concg,, =

Volume Water

6.3 Suspended Inorganic Sedimentsin Standing Water

At present, AQUATOX does not compute settling of inorganic sedimentsin standing water
or scour as a function of wave action. However, suspended sediments are important in creating
turbidity and limitinglight, especialy inreservoirsand shallow lakes. Therefore, theuser can provide
loadings of total suspended solids (TSS), and the model will back-calculate suspended inorganic
sediment concentrations by subtracting predicted phytoplankton and suspended detritus
concentrations:

InorgSed = TSS —Z Phyto - Z PartDetr (a77)

6-6
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where:
InorgSed = concentration of suspended inorganic sediments (g/m°);
TSS = observed concentration of total suspended solids (g/m®);
Phyto = predicted phytoplankton concentrations (g/m?); see (25) and
PartDetr = predicted suspended detritus concentrations (g/m®); see (94) and (95).

The concentration of suspended inorganic sediments is used solely to calculate their
contribution to the extinction coefficient, which affects the depth of the euphotic zone and the Secchi
depth (see (30)).
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7. TOXIC ORGANIC CHEMICALS

The chemical fate module of AQUATOX predicts the partitioning of a compound between
water, sediment, and biota (Figure 65), and estimates the rate of degradation of the compound
(Figure 66). Microbial degradation, photolysis, hydrolysis, and volatilization are modeled in
AQUATOX. Each of these processes is described generally, and again in more detail below.

Nonequilibrium concentrations, as represented by kinetic equations, depend on sorption,
desorption, and elimination as functions of the chemical and exposure through water and food as a
function of bioenergetics of the organism. Equilibrium partitioning is no longer represented in
AQUATOX.

Microbial degradationismodel ed by entering amaximum biodegradation ratefor aparticular
organic toxicant, which is subsequently reduced to account for suboptimal temperature, pH, and
dissolved oxygen. Photolysisis modeled by using a light screening factor (Schwarzenbach et al.,
1993) and the near-surface, direct photolysis first-order rate constant for each pollutant. The light
screening factor is a function of both the diffuse attenuation coefficient near the surface and the
average diffuse attenuation coefficient for the whole water column. For those organic chemicalsthat
undergo hydrolysis, neutral, acid-, and base-catalyzed reaction rates are entered into AQUATOX as
applicable. Volatilizationismodel ed using astagnant two-film model, with theair and water transfer
vel ocitiesapproximated by empirical equations based on reaeration of oxygen (Schwarzenbachetal.,
1993).

Figure 65 Figure 66
In-situ Uptake and Release of Insecticide In-situ Degradation Rates for Insecticide
PARATHION IN POND PARATHION IN POND
UPTAKE AND RELEASE DEGRADATION
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The mass balance equations follow. The change in mass of toxicant in the water includes
explicit representations of mobilization of the toxicant from sediment to water as a result of
decomposition of the labile sediment detritus compartment, sorption to and desorption from the
detrital sediment compartments, uptake by al gae and macrophytes, uptake acrossthegillsof animals,
depuration by organisms, and turbulent diffusion between epilimnion and hypolimnion:
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dToxicant
dr

- PPB

(Decomposition LabileDerr ~ 1€ ~6)

Water _ R Z
- Loadlng + LabileDetr

+ EDesorptionDetrTox + ZOrg (K2 - PPBOrg - le-6)

- Z Sorptiony,, o = - Z GillUptake,,,, - MacroUptake

- ZAlgalUptake Alga Hydrolysis - Photolysis - MicrobialDegrdn
- Volatilization - Discharge + TurbDiff

LabileDetr

(178)

The equations for the toxicant associated with the two sediment detritus compartments are
rather involved:

dToxicant .

d‘:edL“b’kD " = Sorption - Desorption
+ Colonization - PPB, ARefiDetr le-6
+ ZPre J ZPrey (Def2Detr * DefecationTox,,, " Prey)
— (Resuspension + Decomposition) - PPB, ; .. . - 1e-6 (279
B ZPred IngeStionPred, SedLabileDetr) ) PPBSedLabileDetr - le-6
+ Sedimentation - PPBSuspLabﬂeDetr - le-6
+ Y (Sed2Detr - Sinky,,, - PPB,, . * 1e-6)
- Hydrolysis - MicrobialDegrdn - Burial + Expose

dToxicant
dtsedReﬁ Detr — Sorption - Desorption

+ ZPre J ZPrey ((1 ~ Def2Detr) - DefecationToxy,,, Prey)
- (Resuspension + Colonization) + PPBg, ARefiDetr le-6

. (180)
- ZPred IngesnonPred, SedReﬁDetr) * PP BSedReﬁ'Detr ~le-6

+ Sedimentation - PPBg, p..n., * 1€-6
+ Y (Sed2Detr - Sinky,,, + PPB,, . - 1e-6)

Hydrolysis — MicrobialDegrdn - Burial + Expose

Similarly for the toxicant associated with suspended and dissol ved detritus, the equations are:
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ToxlcantSuspLabileDetr

gy = Loading + Sorption - Desorption + ZPre ; (Def2Sed - Def,, )

+ EOrg ((Mort2Detr - Mortality,,, + GameteLoss,,,)

. PPBOrg * le-6) - (Sedimentation + Washout + Decomp

: (181)
‘Pred IngesnonPred, SuspLabileDetr) * PP BSuspLabileDetr ~le-6

Colonization - PPBSuspReﬁDm - le-6
Resuspension + PPBg, ; ...r.. * 1€ -6 — SedToHyp + SedFrE
Hydrolysis — Photolysis - MicrobialDegrdn + TurbDiff

=+

=+

dT oxzcantSuspReﬁDm

m = Loading + Sorption - Desorption

+

ZOrg (Mort2Ref - Mortality,,, - PPB;,, - 1e-6)

%dimentation + Washout + Colonization (182)
'Pred IngeStionSuspReﬁDetr) ' P PBSuspReﬁDetr *le-6

Resuspension - PPBg,p o, * 1€-6 — SedToHyp + SedFrEpi

Hydrolysis - Photolysis - MicrobialDegrdn + TurbDiff

+

dT OxlcantDissLabileDetr

dr

= Loading + Sorption - Desorption + Z ExcrToxToDiss ,, .

+ ZOrg (MortZDetr . MortalityOrg . PPBorg . 18—6)
- (Washout + Decomposition) + PPB,. . .. - 1le-6

+ Colonization * PPBDissReﬁDm - le-6
- Hydrolysis - Photolysis - MicrobialDegrdn + TurbDiff

(183)

dT oxlcantDissReﬁDetr

% = Loading + Sorption - Desorption + E ExcToxToDiss ,, .

+ ZOrg (Mort2Ref - Mortality,,, - PPB,, - le-6) (184)
- (Washout + Colonization) - PPB,; repperr le-6
- Hydrolysis - Photolysis - MicrobialDegrdn + TurbDiff
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Note that there are no equations for buried detritus, as they are considered to be sequestered
and outside of the influence of any processes which would change the concentrations of their
associated toxicants.

Algae are represented as.

dToxicant
gP Alea - Loading + AlgalUptake - Depuration + TurbDiff

+ (- Excretion - Washout - ZPre o Predationy,, ..., — Mortality (185)

- Sink + SinkToHypo - SinkFrEpi) - PPB, - le-6

Iga

Macrophytes are represented similarly, but reflecting the fact that they are stationary:

dToxicant
dtMamp e - Loading + MacroUptake - Depuration - (Excretion (186)
+ ZPre g Predationp, ; 4., + Mortality) - PPB,, - 1e-6

acro

The toxicant associated with animalsis represented by an involved kinetic equation because
of the various routes of exposure and transfer:

dToxicant,
P Animal - Loading + GillUptake + ZPrey DietUptake + TurbDiff

(187)

- (Depuration + p _, . Predation + Mortality + Spawn

Pred, Animal

+ Promotion + Drift + Migration + Emergelnsect) - PPB, le-6

nimal

where:
Toxicant,,.
Toxicantgypey

toxicant in dissolved phase in unit volume of water (Lg/L);
mass of toxicant associated with each of the two sediment
detritus compartments in unit volume of water (Lg/L);

mass of toxicant associated with each of the two suspended
detritus compartments in unit volume of water (Lg/L);

Toxicantg g,per

Toxicantp;«per = mass of toxicant associated with each of the two dissolved
organic compartments in unit volume of water (Lg/L);

Toxicant,g, = mass of toxicant associated with given algain unit volume of
water (Lg/L);

Toxicantycopnyte = mass of toxicant associated with macrophyte in unit volume
of water(ug/L);

Toxicant g = mass of toxicant associated with given animal in unit volume
of water (Lg/L);

PPBs.per concentration of toxicant in sediment detritus (Lg/kg);

PPBg qpetr concentration of toxicant in suspended detritus (Lg/kg);
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PPBp, e
PPByga
I:)PBMacrophyte
PPBsia
le-6
Loading
TurbDiff

Hydrolysis
Photolysis
Microbial Degrdn
Volatilization
Discharge

Burial
Expose

Decomposition
Depuration

Sorption
Desorption

Colonization

DefecationToXp,e prey

Def2Detr
Resuspension
Sedimentation
Sed2Detr

Snk

Death
Mort2Detr
Gametel.oss
Mort2Ref
Washout or Drift

SedToHyp
SedFrEpi

concentration of toxicant in dissolved organics (Lg/kg);
concentration of toxicant in given alga (Lg/kg);
concentration of toxicant in macrophyte (Lg/kg);
concentration of toxicant in given animal (Lg/kg);

units conversion (kg/mg);

loading of toxicant from external sources (ug/L-d);
depth-averaged turbulent diffusion between epilimnion and
hypolimnion (pug/L-d), see 11;

rate of loss due to hydrolysis (Lg/L-d), see (190);

rate of loss due to direct photolysis (Lg/L-d), see (197);

rate of loss due to microbial degradation (Lg/L-d), see (204);
rate of loss due to volatilization (ug/L-d), see (209);

rate of loss of toxicant dueto discharge downstream (ug/L-d),
see Table 1;

rate of loss due to deep burial (Lg/L-d) see (165);

rate of exposure due to resuspension of overlying sediments
(Hg/L-d), see (162);

rate of decomposition of given detritus (mg/L-d), see (112);
elimination rate for toxicant due to clearance (Lg/L-d), see
(258);

rate of sorption to given compartment (Lg/L-d), see (230);
rate of desorption from given compartment (Lg/L-d), see
(231);

rate of conversion of refractory to labile detritus (g/m?-d), see
(108);

rate of transfer of toxicant due to defecation of given prey by
given predator (g/L-d), see (259);

fraction of defecation that goes to given compartment;

rate of resuspension of given sediment detritus (mg/L-d);

rate of sedimentation of given suspended detritus (mg/L-d);
fraction of sinking phytoplankton that goes to given detrital
compartment;

loss rate of phytoplankton to bottom sediments (mg/L-d), see
(57);

nonpredatory mortality of given organism (mg/L-d), see (80);
fraction of dead organism that islabile (unitless);

loss rate for gametes (g/m*d), see (84);

fraction of dead organism that is refractory (unitless);

rate of loss of given suspended detritus or organism due to
being carried downstream (mg/L-d), see (13);

rate of settling lossto hypolimnion from epilimnion (mg/L-d);
rate of gain to hypolimnion from settling out of epilimnion

(mg/L-d);
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INgestiong,eq prey = Eat:/ Icjfdi)ngesti((ég)of given food or prey by given predator
mg/L-d), see ;

predatory mortality by given predator on given prey (mg/L-d),

see (75);

toxicant excretion from plantsto dissolved organics (mg/L-d);

Predationg, g pre,

ExcToxToDissy,,

Excretion = excretion rate for given organism (g/m*d), see (79);
SnkToHypo = rate of transfer of phytoplankton to hypolimnion (mg/L-d);
SnkFrEpi = loss rate of phytoplankton to hypolimnion (mg/L-d);
AlgalUptake = rate of sorption by algae (Lg/L - d), see (244);
MacroUptake = rate of sorption by macrophytes (Lg/L - d), see (240);
GillUptake = rate of absorption of toxicant by thegills (Lg/L - d), see (249);
DietUptake,,, = rate of dietary absorption of toxicant associated with given
prey (Lg/L-d), see (252);

Promotion = promotion from one age class to the next (mg/L-d), see (92);
Migration = rate of migration (g/m?-d), see (91); and
Emergel nsect = insect emergence (mg/L-d), see (93).

7.1 1onization

Dissociation of an organic acid or base in water can have a significant effect on its
environmental properties. In particular, solubility, volatilization, photolysis, sorption, and
bioconcentration of anionized compound can beaffected. Rather than modelingionization products,
the approach taken in AQUATOX isto represent the modifications to the fate and transport of the
neutral species, based on the fraction that is not dissociated. The acid dissociation constant is
expressed as the negative log, pKa, and the fraction that is not ionized is:

Nondissoc = 1 (188)

1 + 10@f - PKa)

where:
Nondissoc = nondissociated fraction (unitless).

If the compound is a base then the fraction not ionized is:

Nondissoc = 1 (189)

1 + 10@%e - P

When pKa = pH half the compound isionized and half isnot (Figure67). At ambient environmental
pH values, compounds with apKa in therange of 4 to 9 will exhibit significant dissociation (Figure
68).
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Figure 67 Figure 68
Dissociation of Pentachlorophenol Dissociation as a Function of pKa at an Ambient
(pKa =4.75) at Higher pH Values pH of 7
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7.2Hydrolysis

Hydrolysisisthe degradation of acompound through reaction with water. During hydrolysis,
both a pollutant molecule and awater molecule are split, and the two water molecul e fragments (H*
and OH") join to the two pollutant fragments to form new chemicals. Neutral and acid- and base-
catalyzed hydrolysis are modelled using the approach of Mabey and Mill (1978) in which an overall
pseudo-first-order rate constant is computed for agiven pH, adjusted for the ambient temperature of
the water:

Hydrolysis = KHyd - Toxicant,, (190)
where:
KHyd = (KAcidExp + KBaseExp + KUncat) + Arrhen (191)
and where:
KHyd = overall pseudo-first-order rate constant for agiven pH and temperature
(Yd);
KAcidExp = pseudo-first-order acid-catalyzed rate constant for a given pH (1/d);
KBaseExp = pseudo-first-order base-catalyzed rate constant for a given pH (1/d);
KUncat = the measured first-order reaction rate at pH 7 (1/d); and
Arrhen = temperature adjustment (unitless).
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There are three types of hydrolysis. acid-catalyzed, base-catalyzed, and neutral. In neutra
hydrolysisreactions, the pollutant reacts with awater molecule (H,0) and the concentration of water
is usualy included in KUncat. In acid-catalyzed hydrolysis, the hydrogen ion reacts with the
pollutant, and afirst-order decay rate for agiven pH can be estimated as follows:

where;

and where:
KAcid
Hlon
pH

KAcidExp = KAcid - Hlon (192)

Hlon = 10778 (193)

acid-catalyzed rate constant (L/mol- d);
concentration of hydrogen ions (mol/L); and
pH of water column.

Likewisefor base-catalyzed hydrolysis, thefirst-order rate constant for areaction between the
hydroxide ion and the pollutant at a given pH (Figure 69) can be described as:

where;

and where:
KBase
OHlon

KBaseExp = KBase + OHlon (194)

OHlon = 10°7 ~ 14 (195)

base-catalyzed rate constant (L/mol - d); and
concentration of hydroxide ions (mol/L).
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Figure 69
Base-catalyzed Hydrolysis of Pentachlorophenol
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Hydrolysis reaction rates were adjusted for the temperature of the waterbody being model ed
by using the Arrhenius rate law (Hemond and Fechner, 1994). An activation energy value of 18,000
cal/mol (amid-range value for organic chemicals) was used as a default:

En En )

Arrhen = e _(R - KelvinT R - TObs (196)

where:
En = Arrhenius activation energy (cal/mol);
R = universal gas constant (cal/mol - Kelvin);
KelvinT = temperature for which rate constant is to be predicted (Kelvin); and
TObs = temperature at which known rate constant was measured (Kelvin).
7.3 Photolysis

Direct photolysis is the process by which a compound absorbs light and undergoes
transformation:

Photolysis = KPhot - Toxicant,,,, (197)
where:
Photolysis = rate of loss due to photodegradation (g/m?-d); and
KPhot = direct photolysisfirst-order rate constant (1/day).
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For consistency, photolysis is computed for both the epilimnion and hypolimnion in stratified
systems. However, it is not asignificant factor at hypolimnetic depths.

lonization may result in a significant shift in the absorption of light (Lyman et al., 1982;
Schwarzenbach et al., 1993). However, there is a general absence of information on the effects of
light on ionized species. The user provides an observed half-life for photolysis, and thisis usually
determined either with distilled water or with water from arepresentative site, so that ionization may
be included in the calculated lumped parameter KPhot.

Based on the approach of Thomann and Mueller (1987; see also Schwarzenbach et al. 1993),
the observed first-order rate constant for the compound is modified by alight attenuation factor for
ultraviolet light so that the process as represented is depth-sensitive (Figure 70); it also is adjusted
by afactor for time-varying light:

KPhot = PhotRate - ScreeningFactor - LightFactor (198)
where:
PhotRate = direct, observed photolysis first-order rate constant (1/day);
ScreeningFactor = alight screening factor (unitless), see (199); and
LightFactor = atime-varying light factor (unitless), see (201).
Figure 70

Photolysis of Pentachlorophenol as a Function of
Light Intensity and Depth of Water
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A light screening factor adjusts the observed laboratory photolytic transformation rate of a
given pollutant for field conditionswith variablelight attenuation and depth (Thomann and Mueller,
1987):
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RadDistr . 1 - exp(_AlPha + Thick)
RadDistr0 Alpha - Thick

ScreeningFactor = (199

where:

RadDistr = radiance distribution function, which is the ratio of the average
pathlength to the depth (see Schwarzenbach et al., 1993) (taken to be
1.6, unitless);

RadDistr0 = radiance distribution function for thetop of the segment (takentobe 1.2
for the top of the epilimnion and 1.6 for the top of the hypolimnion,
unitless);

Alpha = light extinction coefficient at wavelength 312.5 nm (1/m), see (200);
and

Thick = thickness of the water body segment if stratified or maximum depth if

unstratified (m).

The extinction of light of the reference wavelength of 312.5 nm is a function of several
components, based on parameter valuesin Burnsand Cline (1985), asgivenin Ambroseet al. (1991):

Alpha = ExtinctH20 + AttenChl - Chlorophyll + AttenDOC - DOC

+ AttenSolids - SuspSed (200)

where:

ExtinctH20 = light extinction of wavelength 312.5 nm in pure water (1/m);

AttenChl = attenuation coefficient for chlorophyll a (L/mg - m);

AttenDOC = attenuation coefficient for dissolved organic carbon (L/mg - m);

AttenSolids = attenuation coefficient for suspended sediment (L/mg - m);

Chlorophyll = concentration of chlorophyll ain water column (mg/L);

DOC = concentration of dissolved organic carbon in water (mg/L); and

SuspSed = concentration of suspended sediments (mg/L).

The equations presented above implicitly make the following assumptions:

the compound of interest absorbslight only over arelatively narrow wavel ength range,
and the screening factor for wavelength 312.5 nm can be considered representative;
quantum yield is independent of wavelength; and,

the value used for PhotRate is a representative near-surface, first-order rate constant
for direct photolysis.
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The rate is modified further to represent seasonally varying light conditions and the effect of
ice cover:

. Solar0
LightFactor = ————
& AveSolar (201)
where:
Solar0 = time-varying average light intensity at the top of the segment (ly/day);
and
AveSolar = average light intensity for late spring or early summer, corresponding

to time when photolytic haf-life is often measured (default = 500
Ly/day).

If the system isunstratified or if the epilimnionisbeing modeled, thelight intensity isthelight
loading:

Solar0 = Solar (202)

otherwise we are interested in the intensity at the top of the hypolimnion and the attenuation of light
is given as alogarithmic decrease over the thickness of the epilimnion:

Solar0 = Solar « exp' 4ipha - MaxZMix) (203)
where:
Solar = incident solar radiation loading (ly/d), see (22); and
MaxZMix = depth of the mixing zone (m), see (14).

Because the ultraviolet light intensity exhibits greater seasona variation than the visible
spectrum (Lyman et al., 1982), decreasing markedly when the angle of the sunislow, this construct
could predict higher rates of photolysisin the winter than might actually occur. However, the model
also accountsfor significant attenuation of light duetoice cover so that photolysis, asmodeled, is not
an important process in northern waters in the winter.

7.4 Microbial Degradation

Not only can microorganisms decomposethe detrital organic material in ecosystems, they also
can degrade xenobiotic organic compounds such as fuels, solvents, and pesticides to obtain energy.
In AQUATOX this process of biodegradation of pollutants, whether they are dissolved in the water
column or adsorbed to organic detritus in the water column or sediments, is modeled using the same
eguations as for decomposition of detritus, substituting the pollutant and its degradation parameters
for detritus in Equation (112) and supporting equations:
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MicrobialDegrdn = KMDegrdn,,, , -+ DOCorrection + TCorr - pHCorr

- T oxicanty, .,

where:
Microbial Degrdn
KMDegrdn

loss due to microbial degradation (g/m*d);

maximum degradationrate, either inwater column or sediments
(Ld);

effect of anaerobic conditions (unitless), see (113);

DOCorrection

TCorr = effect of suboptimal temperature (unitless), see (21);
pHCorr = effect of suboptimal pH (unitless), see (115); and
Toxicant = concentration of organic toxicant (g/m°).

Microbia degradation proceeds more quickly if the material is associated with surficia
sedimentsrather than suspended inthewater column (Godsha k and Barko, 1985); thus, in cal culating
the loss due to microbial degradation in the dissolved phase, the maximum degradation rate is set
arbitrarily to 25 percent of the maximum degradation rate in the sediments. The model assumes that
reported maximum microbia degradation rates are for suspended slurry or wet soil samples; if the
reported degradation valueisfrom aflask study without additional organic matter, then the parameter
value that is entered should be four times that reported.

7.5 Volatilization

Volatilization is modeled using the "stagnant boundary theory", or two-film model, in which
a pollutant molecule must diffuse across both a stagnant water layer and a stagnant air layer to
volatilize out of awaterbody (Whitman, 1923; Liss and Slater, 1974). Diffusion rates of pollutants
in these stagnant boundary layers can be related to the known diffusion rates of chemicals such as
oxygen and water vapor. The thickness of the stagnant boundary layers must also be taken into
account to estimate the volatile flux of achemical out of (or into) the waterbody.

Thetimerequired for a pollutant to diffuse through the stagnant water layer in awaterbody is
based on the well-established equations for the reaeration of oxygen, corrected for the differencein
diffusivity asindicated by therespective mol ecul ar weights (Thomann and Mueller, 1987, p. 533). The
diffusivity through the water film is greatly enhanced by the degree of ionization (Schwarzenbach et
a., 1993, p. 243), and the depth-averaged reaeration coefficient is multiplied by the thickness of the
well-mixed zone:

0.25
KLiq = KReaer - Thick - (M) . 1

MolWt Nondissoc

(204)

(205)
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where:
KLiq = water-side transfer velocity (m/d);
KReaer = depth-averaged reaeationcoefficient for oxygen (1/d), see(139)-(146);
Thick = thicknessof the water body segment if stratified or maximum depth if
unstratified (m);
MolWtO2 = moleaular weight of oxygen (g/mol, =32);
MolWt = moleaular weight of pallutant (g/moal); and
Nondissoc = nondssciated fradion (unitlesy, see(188).

Likewise, the thicknessof the air-side stagnant boundxry layer is also affeded by wind. To
estimate the air-side transfer velocity of a pall utant, we used the foll owing empiricd equation based
onthe evaporation of water, correded for the diff erencein diff usivity of water vapor compared to the
toxicant (Thomannand Mueller, 1987, p. 531

0.25
KGas = 168 - ( W) . Wind (206)
MolWwt
where:
KGas = air-side transfer velocity (m/d);
Wind = wind speal ten meters abowve the water surface(m/s); and
MolWH20 = moleaular weight of water (g/mol, =18).

The total resistanceto the masstransfer of the pdlutant through bah the stagnant boundry
layers can be expressed asthe sum of theresistances—theredprocdsof theair- andwater-phase mass
transfer coefficients (Schwarzenbad et a., 1993, modified for the dfeds of ionization:

1 1 1
= — 4 . (207)
KOVol Klig  KGas - HenryLaw * Nondissoc
where:
KOvoal = total masstransfer coefficient through bah stagnant boundry layers
(m/d);
Henry
HenryLaw = ——————
£e R « TKelvin (208)
and where:
HenryLaw = Henry'slaw constant (unitless);
Henry = Henry's law constant (atm n? mol™);
R = gas constant (=8.20&-5 atm n? (mol K)™?); and
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TKelvin = temperaturein °K.

The Henry’ slaw constant is applicable only to the fradionthat isnondssociated becaise the
ionized spedeswill not be present in the gas phase (Schwarzenbadh et al., 1993, p. 179

The atmospheric exchange of the pall utant can be expressed as the depth-averaged total mass
transfer coefficient timesthe diff erence between the concentration of the chemicd and the saturation
concentration:

e KOVol .
Volatilization = Thick . (T oxSat — T oxzcantwam) (209)
where:
Volatilization = interchange with atmosphere (Lg/L-d);
Thick = depth of water or thicknessof surfacelayer (m);
ToxSat = saturation concentration d palutant (ng/L); and
Toxicant, e = concentration d pallutant in water (Lg/L).

The saturation concentration depends onthe concentration of the pall utant in theair, ignoring
temperature dfeds (Thomannand Mueller, 1987, p. 53R bu adjusting for ionization and urits:

Toxicant i
ToxSat =

- -+ 1000 (210)
HenryLaw - Nondissoc

where:
Toxicant,;,
Nondissoc

= gas-phase mncentration o the pall utant (g/m?); and

= nondssciated fradion (unitless.

Often the pdlutant can be assumed to have anegligible mncentrationin the ar and ToxSat is zero.
However, this general construct can represent the transferral of volatil e pal utantsinto water bodes.
Becauseionized speaes do nd volatili ze, the saturation level increases if ionization is occurring.

The nondmensional Henry' $aw constant, which relates the concentration of acompoundin
the air phase to its concentration in the water phase, strongly affeds the air-phase resistance
Depending onthevalue of theHenry' kaw constant, thewater phase, the air phase or both may control
volatili zation. For example, with adepth of 1 m andawind d 1 m/s, the gas phaseis 100,000times
asimportant asthe water phasefor atrazine (Henry' kw constant = 3.0E-9), but the water phaseis50
times as important as the air phase for benzene (Henry' slaw constant = 5.56-3). Volatili zation o
atrazineexhibitsalinea relationshipwithwind (Figure71) in contrast to the exporential relationship
exhibited by benzene (Figure 72).
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Figure71 Figure 72
Atrazine KOVol as aFunction d Wind Benzene KOVol as aFunction d Wind
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7.6 Partition Coefficients

Although AQUATOX is a kinetic model, stealy-state partition coefficients for organic
pallutants are computed in order to place onstraints on competitive uptake and loss processes,
speading upcomputations. They are estimated from empiricd regressonequationsandthepall utant's
octanol-water partition coefficient.

Natural organic matter is the primary sorbent for neutral organic pallutants. Hydrophohc
chemicds partition pimarily in nonpdar organic matter (Abbat et al. 1999. Refradory detritusis
relatively nonpdar; its partition coefficient isafunction of the octanad-water partition coefficient (N
= 34,r* = 0.93 Schwarzenbac et a. 1993:

KOMyop,, = 1.38 - KOW®® (211)

where:
KOM RefrDetr
KOW

detritus-water partition coefficient (L/kg); and
octanol-water partition coefficient (unitless.

This and the foll owing equations are extended to pdar compound, following the work of
Smejtek and Wang (1993:

KOMReﬁDm = 1.38 - KOW°#* - Nondissoc (212)
+ (1 - Nondissoc) + IonCorr + 1.38 + KOW"#2
where:
Nondissoc = urrionized fradion (unitlesg; and
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lonCorr = correction factor for decreased sorption, generally 0.1 (unitless).

Using pentachl orophenol asatest compound, and comparing it to octanol, theinfluence of pH-
mediated dissociationisseenin Figure73. Thisrelationshipisverified by comparisonwiththeresults
of Smejtek and Wang (1993) using egg membrane.

Partitioning of bioaccumul ative chemicalson organic carbon in sedimentsin Lake Ontario, as
represented by the Oliver and Niimi (1988) data, exhibits a weak relationship with KOW (US EPA
1995, Burkhard 1998):

KOC = 25 - KOW (213)

where:
KOC = the partition coefficient for particulate organic carbon.

Converting to organic matter and generalizing to include polar compounds, this relationship
was used in AQUATOX to represent the partitioning of chemicals between water and refractory
detritusin sediments in avalidation for Lake Ontario (Park, 1999c, in Volume 3):

KOM = 13 - KOW + (1 - Nondissoc) + IonCorr - 13 -+ KOW (214)

However, in the general model Eq. (212) is used for refractory detrital sediments as well.

Figure73
Refractory Detritus-water and Octanol-water
Partition Coefficients as a Function of pH.
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Thereappeasto beadichotomy in partiti oning; datainthelit erature suggest that | abil e detritus
does nat take up hydrophohc compounds as rapidly as refradory detritus. Algal cdl membranes
contain pdar lipids, andit islikely that this pdarity isretained in the ealy stages of decomposition.

KOC does not remain the same uponaging, deah, and decomposition, probably because of pdarity
changes. In an experiment using fresh and aged algal detritus, therewasa100% increasein KOC with
aging (Koelmanset al., 1995. KOC increased asthe C/N ratio increased, indicating that the material
was beaming more refradory. In another study, KOC doulded between day 2 and day 34, probably
due to deeper penetration into the organic matrix and lower pdarity (Cornelisen et a., 1997.

Polar substrates increase the pKa of the compound (Smejtek and Wang, 1993. This is
represented in the model by lowering the pH of pdar particulate material by one pH unit, which
changes the dissociation acordingly.

The partition equationfor labil e detritus (N = 3, r* = 1.0,) is based onastudy by Koelmans et
a. (1995 using fresh agal detritus:

KoC

LabPart

= 23.44 - KOW°! (215)

The guation is generadized to pdar compound and transformed to an arganic matter partition
coefficient:

KOM, ;.. = (23.44 - KOW®S' - Nondissoc (216)
+ (1 - Nondissoc) - IonCorr - 23.44 - KOW®®) - 0.526
where:
KOC ppat = partition coefficient for labil e particulate organic cabon(L/kg); and
KOM gper = partition coefficient for labil e detritus (L/kg).

O’ Conna andConndly (198Q seea so Ambroseet al ., 1997 foundthat the sediment partition
coefficient istheinverse of themassof suspended sediment, and Di Toro (1985 devel oped aconstruct
to represent the relationship. However, AQUATOX models partitioning diredly to arganic detritus
and ignores inorganic sediments, which are seldom involved diredly in sorption of neutral organic
palutants. Therefore, the partition coefficient is not correded for massof sediment.

Association d hydrophobc compound with colloidal and dssolved arganic matter (DOM)
reduces bioavail ability; such contaminants are unavail able for uptake by organisms (Stange and
Swadkhamer 1994, Gilek et a. 1999. Therefore, it is imperative that complexation d organic
chemicals with DOM be modelled corredly. In particular, contradictory reseach results can be
reconciled by considering that DOM is not homogeneous. For instance, refradory humic aads,
derived from decomposition of terrestrial and wetland organic material, are quite different from | abil e
exudates from algae ad aher indigenous organisms.
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Humic acids exhibit high polarity and do not readily complex neutral compounds. Natura
humic acids from a Finnish lake with extensive marshes were spiked with a PCB, but a PCB-humic
acid complex could not be demonstrated (Maaret et al. 1992). In another study, Freidig et a. (1998)
used artificially prepared Aldrich humic acid to determine ahumic acid-DOC partition coefficient (n
=5, r?, = 0.80), although they cautioned about extrapolation to the field:

KOCp ooy = 28.84 - KOW* (217)
where:
KOCrepom = refractory dissolved organic carbon partition coefficient (L/kg).

Until a better relationship isfound, we are using ageneralization of their equation to include
polar compounds, transformed from organic carbon to organic matter, in AQUATOX:

KOMReﬁDOM = (28.84 - KOW®S" - Nondissoc (218)
+ (1 - Nondissoc) * IonCorr - 28.84 - KOWS") - 0.526
where:
KOMgegroomn = refractory dissolved organic matter partition coefficient (L/kg).

Nonpolar lipidsin agae occur in the cell contents, and it islikely that they constitute part of
the labile dissolved exudate, which may be both excreted and lysed material. Therefore, the stronger
relationship reported by Koelmans and Heugens (1998) for partitioning to algal exudate (n= 6, r* =
0.926) is:

K OCLabDOC

= 0.88 - KOW (219)
which we also generalized for polar compounds and transformed:

KoM, = (0.88 - KOW - Nondissoc

LabDOM (220)
+ (1 - Nondissoc) *+ IonCorr - 0.88 - KOW) - 0.526
where:
KOC ipoe = partition coefficient for labile dissolved organic carbon (L/kg); and
KOM gpow = partition coefficient for labile dissolved organic matter (L/kg).

Unfortunately, older data and modeling efforts failed to distinguish between hydrophobic
compounds that were truly dissolved and those that were complexed with DOM. For example, the
PCB water concentrations for Lake Ontario, reported by Oliver and Niimi (1988) and used by many
subsequent researchers, included both dissolved and DOC-complexed PCBs (a fact which they

7-19
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reagnized). Intheir steady-state model of PCBs in the Grea Lakes, Thomann and Mueller (1983
defined “dissolved” as that which is nat particulate (passng a 0.45micronfilter). In their Hudson
River PCB model, Thomann et al. (1991) again used an operational definition o dissolved PCBs.
AQUATOX distinguishesbetween truly disolved and complexed compounds; therefore, the partition
coefficients caculated by AQUATOX may be larger than those used in dder studies.

Bioacawmulation of PCBs in algae depends on soluhility, hydrophobcity and moleaular
configuration of the compound,and growth rate, surfaceareaand type, and content and type of lipid
in the alga (Stange and Swadkhamer 1994). Phytoplankton may doulde or triple in ore day and
periphyton turnover may be so rapid that some PCBs will not reat equili brium (cf. Hill and
Napolitano 1997; therefore, one shoud use the term “bioacawmulation fador” (BAF) rather than
“bioconcentration faaor,” which implies equili brium (Stange and Swadkhamer 1994).

Hydrophobc compounds partitionto li pidsin algag but the relationship is not asimple one.
Phytoplankton i pids can range from 3 to 30% by weight (Swadkhamer and Skoglund1991), and na
al lipids are the same. Polar phasphdlipids occur on the surface Hydrophobc compounds
preferentiall y partition to internal neutral lipids, but those ae usualy a minor fradion d the tota
lipids, and they vary depending on growth condtions and spedes (Stange and Swadkhamer 1994).
Algd li pids have amuch stronger affinity for hydrophobc compounds than does octanadl, so that the
alga BAF; 4> Kgy, (Stange and Swadkhamer 1994,Koelmans et a. 1995,Sijm et al. 1999.

For algag the approximation to estimate the dry-weight bioacamulation facor (r* = 0.87),
computed from Swadkhamer and Skoglund s (1993 study of numerous PCB congeners, is:

log(BCF Alga) = 0.41 + 0.91 - LogkOwW (221)

where:
BCF g = partiti on coefficient between algae and water (L/kg).

Rearanging and extending to hydrophili c andionized compound:

BCF,, = 2.57 - KOW®! - Nondissoc

Alga 0ol (222)
+ (1 - Nondissoc) + IonCorr - 2.57 - KOW"

Comparing the results of using these coefficients, we seethat they are consistent with the
relative importance of the various substrates in binding organic chemicds (Figure 74). Binding
cgpadty of detritus is greaer than dissolved organic matter in Gred Lakes waters (Stange and
Swadkhamer 1994,Gilek et a. 1996. In astudy using Baltic Seawater, lessthan 7% PCBs were
asciated with dissolved organic matter and most were asociated with algae(Bjork and Gil ek 1999).
In contrast, in a study using algal exudate and a PCB, 98% of the dissolved concentration was as a
dissolved arganic matter complex and orly 2% was bioavail able (Koelmans and Heugens 1998.
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Theinfluence of substrate polarity isevident in Figur e 75, which showsthe effect of ionization
on binding of pentachl orophenal to varioustypesof organic matter. Thepolar substrates, such asalgal
detritus, have an inflection point which isone pH unit higher than that of nonpolar substrates, such as
refractory detritus. The relative importance of the substrates for binding is also demonstrated quite
clearly.

For macrophytes, an empirical rel ationship reported by Gobaset a . (1991) for 9 chemicalswith
LogKOWs of 4 to 8.3 (r* = 0.97) is used:

log(KB,,

acro

) = 0.98 - LogKOW - 2.24 (223)

Again, rearranging and extending to hydrophilic and ionized compounds:

KB = 0.00575 -+ KOW®% - (Nondissoc + 0.2)

Macro

For the invertebrate bioconcentration factor, the following empirical equation is used, based
on 7 chemicalswith Logk OWsranging from 3.3t0 6.2 and bioconcentration factorsfor Daphnia pul ex
(r? = 0.85; Southworth et al., 1978; see also Lyman et al., 1982), converted to dry weight :

log(KB,,,..oorae) = (0.7520 - LogKOW - 0.4362) - WetToDry (225)
where:
KB vertebrate = partition coefficient between invertebrates and water (L/kg); and
WetToDry = wet to dry conversion factor (unitless, default = 5).

Extending and generalizing to ionized compounds:

— . 0.7520 , :
KBy, oriobrare = 0-3663 = KOW (Nondissoc + 0.01)
Figure 74 Figure 75
Partitioning to Various Types of Organic Partitioning to Various Types of Organic
Matter as a Function of KOW Matter as a Function of pH
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Fish take longer to reach equilibrium with the surrounding water; therefore, anonequilibrium
bioconcentration factor isused. For each pollutant, a whole-fish bioconcentration factor is based on
the lipid content of the fish extended to hydrophilic chemicals (McCarty et a., 1992), with provision
for ionization:

KB, = Lipid - WetToDry - KOW - (Nondissoc + 0.01) (227)

where:
KBeiq, = partition coefficient between whole fish and water (L/kg);
Lipid = fraction of fish that islipid (g lipid/g fish); and
WetToDry = wet to dry conversion factor (unitless, default = 5).

Lipid content of fish is varied depending on the potential for growth as predicted by the
bi oenergetics equations; theinitial lipid valuesfor the species are given. The bioconcentration factor
isadjusted for the time to reach equilibrium as a function of the clearance or elimination rate and the
time of exposure (Hawker and Connell, 1985; Connell and Hawker, 1988; Figure 76):

BCF, ., = KB

s 1 - e(—Depuration . TElapsed)) (228)

Fish ) (

where:
BCFgq, = quasi-equilibrium bioconcentration factor for fish (L/kg);
TElapsed = time elapsed since fish was first exposed (d); and
Depuration = clearance, which may include biotransformation, see (258) (1/d).

Figure 76
Bioconcentration Factor for Fish
as aFunction of Time and log KOW
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The concentration in each carrier is given by:

ToxState.
PPB. = !

i

—— - leb
CarrzerStatei

where:
PPB; = concentration of chemical in carrier i (Lg/kg);
ToxState = mass of chemical in carrier i (ug/L);
CarrirSate = biomass of carrier (mg/L); and
1e6 = conversion factor (mg/kg).

7.7 Nonequilibrium Kinetics

Often thereisan absence of equilibrium dueto growth or insufficient exposuretime, metabolic
biotransformation, dietary exposure, and nonlinear relationships for very large and/or
superhydrophobic compounds (Bertelsen et al. 1998). Although it isimportant to have aknowledge
of equilibrium partitioning because it is an indication of the condition toward which systems tend
(Bertelsen et al. 1998), it is often impossible to determine steady-state potential due to changes in
bioavailability and physiology (Landrum 1998). For example, PCBs may not be at steady state even
in large systems such as Lake Ontario that have been polluted over along period of time. In fact,
PCBsin Lake Ontario exhibit a 25-fold disequilibrium (Cook and Burkhard 1998). The chalengeis
to obtain sufficient datafor akinetic model (Gobas et a. 1995).

Sor ption and Desor ption to Sedimented Detritus

Partitioning to sediments appears to involve rapid sorption to particle surfaces, followed by
slow movement into, and out of, organic matter and porousaggregates (Karickhoff and Morris, 1985).
Therefore attainment of equilibrium may beslow. This appliesto suspended detritus compartments
as well. Because of the need to represent sorption and desorption separately in detritus, kinetic
formulations are used (Thomann and Mueller, 1987), with provision for ionization:

Sorption = ki, - Toxicanty, - Diffl. . - (Nondissoc + 0.01)
* Org2C + Detr - 1le-6

Desorption = k2., - Diff2., .+ Toxicant,,,
where:
Sorption = rate of sorption to given detritus compartment (Lg/L-d);
K1per = sorption rate constant (L/kg-d);

(229)

(230)

(231)
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Nondissoc fradion nd ionized (unitless;

Toxicant,. concentration d toxicant in water (Lg/L);

Difflyrier fador to namali zerate mnstant for given carrier (detrituscompartment
in this case) based onall competing uptake rates (unitless;

Diff2 4 vier = fador to namali ze lossrates (unitl ess;

Org2C = conversion fador for organic matter to carbon (= 0.526g C/g organic
matter);

Detr = massof eat o the detritus compartments per unit volume (mg/L);

le-6 = units conversion (kg/mg);

Desorption = rate of desorptionfrom given sediment detritus compartment (ug/L-d);

K20 = desorption rate wnstant (1/d); and

Toxicantyy, = massof toxicant in ead of the detritus compartments (Lg/L).

Becaisethereare several processes competing for thedissolved toxicant, therate constantsfor
these processes are normali zed in order to preserve massbaance The Diffl fador is computed for
eahdired uptakeprocess including sorptionto detritusandal gae uptake by maaophytes, anduptake
agossanimals gills:

D ﬁ] RateDWCarrier
l . =
carmer Z RateDWCarrier (232)
RateDiff ... = Gradientl . . - kI (233)
Toxicant . .- PPB_ .
Gradientl Corrier = Wa.ter kpCarrter Carrier ( 2 34)
T oxlcantWater ) kpCarrier
where:
RateDiffl., e = maximum rate @nstant for uptake given the concentration gradient
(L/kg-d);
Gradientl.,, o = gradient between potential and adual concentrations of toxicant in

ead carier (unitless);
KDcarrier partition coefficient or bioconcentrationfador for eat carier (L/kg);
PPB_rier concentration d toxicant in ead carrier (Lg/kg).

Likewise, thelossrate constants are normali zed; the equations parall €l those for uptake, with
the gradient being reversed:
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RateDiff2. ..
Di ) - arrier
ffz Carrier Z RateD iﬁQCam-er (235)
RateDiff2 . .. = Gradient2., .. - k2 (236)

PPB,. . - (PPB - kp, . )
Gradient? = Carrier Water Carrier:
Carrier PP BCa,,ie, (237)
where:
RateDiff2ier = maximum rate constant for loss given the concentration gradient
(L/kg-d); and
Gradient2.,,io = gradient between actual and potential concentrations of toxicant in

each carrier (unitless).

Desorption of the nonlabile or slow compartment isthe reciprocal of the reaction time, which
Karickhoff and Morris(1985) found to bealinear function of the partition coefficient over threeorders
of magnitude (r? = 0.87):

1

= 0.03 -+ 24 - KPSed (238)

So k2 istaken to be:
1.39
k2 =
KPSed (239)
where:

KPSed = detritus-water partition coefficient (L/kg, see Eq. (212)); and
24 = conversion from hours to days.

The nonlabile compartment may be involved in 40 to 90% of the sorption so, as a
simplification, fast desorption of thelabile compartment isignored. Thiscompensatesin part for the
fact that AQUATOX modelsthetop layer of bottom sediments asiif it were in close contact with the
overlying water column (interstitial water is not modeled at thistime).

The sorption rate constant k1 is set to 1200 L/kg-d, representing the very fast labile sorption
of most chemicals.
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Bioconcentration in Macrophytes and Algae

Macrophytes—As Gobas et a. (1991) have shown, submerged aquatic macrophytes take up and
release organic chemicals over a measurable period of time at rates related to the octanol-water
partition coefficient. Uptake and elimination are modeled assuming that the chemical is transported
through both aqueous and lipid phases in the plant, with rate constants using empirical equations fit
to observed data (Gobas et al., 1991), modified to account for ionization effects (Figure 77, Figure

78):

where;

MacroUptake

MacroUptake
Depurationg,
Svar Plant
le-6
Toxicantp
k1

k2

Diffl .
Diff25 .
KOW
Nondissoc

Depuration

k2

= kI - Diffl,,,,, * Toxicant - StVar

Water

olant = k2 - Toxicant

500
KOW - Nondissoc

0.0020 +

1

Plant

Plant ) Difszlant

1.58 + 0.000015 - KOW - Nondissoc

uptake of toxicant by plant (ug/L-d);
clearance of toxicant from plant (Lg/L-d);
biomass of given plant (mg/L);

units conversion (kg/mg);

mass of toxicant in plant (Lg/L);

sorption rate constant (L/kg-d);
elimination rate constant (1/d);

factor to normalize uptake rates (unitless);
factor to normalize loss rates (unitless);

- le-6 (240

(24))

(242

(243

octanol-water partition coefficient (unitless); and

fraction of un-ionized toxicant (unitless).
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Figure 77 Figure 78
Uptake Rate Constant for Macrophytes Elimination Rate Constant for Macrophytes
(after Gobas et al., 1991) (after Gobas et al., 1991)
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Algae—Thereisprobably atwo-step algal bioaccumulation mechanism for hydrophobic compounds,
with rapid surface sorption of 40-90% within 24 hours and then asmall, steady increase with transfer
tointerior lipidsfor the duration of the exposure (Swackhamer and Skoglund 1991). Uptakeincreases
with increasein the surface area of algae (Wang et al. 1997). Therefore, the smaller the organism the
larger the uptake rate constant (Sijm et al. 1998). However, in small phytoplankton, such as the
nannoplankton that dominate the Great | akes, ahigh surfaceto volumeratio can increase sorption, but
high growth rates can limit internal contaminant concentrations (Swackhamer and Skoglund 1991).
The combination of lipid content, surface area, and growth rate results in species differences in
bi oaccumulation factors among algae (Wood et a. 1997). Uptake of toxicants is a function of the
uptake rate constant and the concentration of toxicant truly dissolved in the water, and constrained by
competitive uptake by other compartments:

AlgalUptake = kl - Michaelis - Diffl - ToxState - Carrier - 1e -6 (2449

where:

AlgalUptake = rate of sorption by algae (Lg/L-d);

kl = uptake rate constant (L/kg-d), see (245);

Michaelis = Michaelis-Menton construct for nonlinear uptake (unitless), see (246);

Diffl = factor to normalize uptake rates (unitless), see (232);

ToxSate = concentration of dissolved toxicant (Lg/L);

Carrier = biomass of algal compartment (mg/L); and

le-6 = conversion factor (kg/mg).

Thekinetics of partitioning of toxicantsto algae isbased on studies on PCB congenersin The
Netherlands by Koelmans, Sijm, and colleagues and at the University of Minnesota by Skoglund and
Swackhamer. Both groupsfound uptaketo bevery rapid. Sijmet al. (1998) presented dataon severa
congenersthat were usedinthisstudy to devel op thefollowing rel ationship for phytoplankton (Figure
79):
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1
] =
1.8E-6 + 1/(KOW - Nondissoc) (249)

Becausesize-dependent passvetransportisindicaed (Sijm etal., 1998, uptake by periphyton
is st arbitrarily at ten percent of that for phytoplankton.

In order to represent saturation kinetics, Michaelisis computed as:

BCF - ToxState - PPB
Michaelis = Algae Algae

BCFAIgae

- ToxState (246)

where:
BCF ngae = steady-state bioconcentration fador for algae(L/kg), see(222); and
PPBgae = concentration d toxicant in algae(mg/kg).

Depuration is modeled as a linea function; it does nat include loss due to excretion d
phaosynthate with associated toxicant, which is modeled separately.

Depuration = k2 - State (247)

where:
Depuration = elimination d toxicant (Lg/L-d);
Sate = concentration d toxicant associated with alga (ug/L); and
k2 = elimination rate mnstant (1/d).

Based in part on Skoglundet al. (1996}, but ignoring surfacesorption and recognizing that
growth dlutionisexplicit in AQUATOX, the elimination rate constant (Figur e 80) is computed as:

k2 = —— (248)

Aside from obvious structural diff erences, algaemay have very high lipid content (20% for
Chlorellasp.acordingto Jargensenetal., 1979 andmaaophyteshaveavery low li pid content (0.2%
in Myriophyllumspicatumasobserved by Gobaset al. 1991), which aff ed both uptakeandelimi nation
of toxicants.
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Figure 79 Figure 80
Alga Sorption Rate Constant as a Function o Rate of Elimination by Algae & aFunction d
Octanol-water Partition Coefficient Octanad-water Partition Coefficient
FIT TO DATA OF SIJM ET AL. 1998 12
600000 ]
5 500000 /o _ N
£ 400000 / =08 \
= 300000 1 gos \
X —
= 200000 of* g \
o] = 0.4 \
< 100000 / 0a \
0 ~ . \\
0 2 4 6 8 10 0
LOG KOW 0 2 4 6 8 10
Log KOW
e Obs K1 — Pred K1

Bioaccumulation in Animals

Animals can absorb toxic organic chemicds diredly from the water through their gill s and
from contaminated foodthrough their guts. Dired sorption orto the body isignored asasimplifying
asumption in this version of the model. Reduction d body burdens of organic chemicds is
acomplished through excretion and biotransformation, which are often considered together as
empiricdly determined eliminationrates. “Growth dlution” occurs when growth of the organism is
faster than acawmulation of the toxicant. Gobas (1993 includes fecd egestion, bu in AQUATOX
egestionismerely theamourt ingested but not assmil ated; it isacounted for indiredly in DietUptake.
However, fecd lossisimportant as an inpu to the detrital toxicant pod, andit is considered later in
that context. Inclusion d mortality and promotiontermsisnecessary for massbalance, bu emphasizes
the fad that average concentrations are being modeled for any particular compartment.

Gill Sorption—An important route of expasureis by adivetransport through the gill s (Macek et al .,
1977. Thisisthe route that has been measured so doften in bioconcentration experiments with fish.
Astheorganism respires, water is passed over the outer surfaceof the gill andbloodis moved past the
inner surface The exchange of toxicant through the gill membraneisassumed to befaalit ated by the
same mechanism as the uptake of oxygen, following the approach of Fagerstrom and Asell (1973,
1975, Weininger (1978, and ThomannandMuell er (1987 seealso Thomann,1989. Therefore, the
uptake rate for ead animal can be cdculated as a function d respiration (Leung, 1978 Park et al.,
1980:

GillUptake = KUptake - Toxicanty, . - Diffl. ..

WE(ffTox - Respiration - O2Biomass
Oxygen - WEffO2

KUptake =

7-29

(249)

(250)
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where:

GillUptake = uptake of toxicant by gills (Lg/L - d);

KUptake = uptake rate (1/d);

Toxicant,, = concentration of toxicant in water (Lg/L);

Difflyrier = factor to normalizerate constant for given carrier (animal compartment
in this case) based on al competing uptake rates (unitless), see (232);

WETffTox = withdrawal efficiency for toxicant by gills (unitless), see (251);

Respiration = respiration rate (mg biomass/L-d), see (76);

O2Biomass = ratio of oxygen to organic matter (mg oxygen/mg biomass; generally
0.575);

Oxygen = concentration of dissolved oxygen (mg oxygen/L); and

WEFfO2 = withdrawal efficiency for oxygen (unitless, generally 0.62).

The oxygen uptake efficiency WEffO2 is assigned a constant value of 0.62 based on
observations of McKim et al. (1985). The toxicant uptake efficiency, WEffTox, can be expected to
have asigmoidal relationship to thelog octanol-water partition coefficient based on aqueousand lipid
transport (Spacieand Hamelink, 1982). Thisisrepresented by aninelegant but reasonabl e, piece-wise
fit (Figure 81) to the dataof McKim et al. (1985) using 750-g fish, corrected for ionization:

If LogkOW < 1.5 then
WEffTox = 0.1

If 1.5 < LogKOW > 3.0 then
WEffTox = 0.1 + Nondissoc - (0.3 + LogKkOW - 0.45)

If 3.0
WEffTox

If 6.0 < LogKkOW < 8.0 then
WEffTox = 0.1 + Nondissoc - (0.45 - 0.23 - (LogKkOW - 6.0))

I IA

LogKOW < 6.0 then

0.1 + Nondissoc + 0.45 (251)

If LogkOW > 8.0 then
WEffTox = 0.1

where:
LogkOW
Nondissoc

log octanol-water partition coefficient (unitless); and
fraction of toxicant that is un-ionized (unitless), see (188).



AQUATOX TECHNICAL DOCUMENTATION CHAPTER 7

Figure 81
Piecewise Fit to Observed Toxicant Uptake Data;
Modified from McKim et al., 1985
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lonization deaeases the uptake dficiency (Figure 82). This same dgorithm is used for
invertebrates. Thomann (1989 has propacsed a similar construct for these same data and a slightly
different construct for small organisms, bu the scater in the data do nd seam to justify using two
different constructs.

Figure 82
The Effea of Differing Fradions of Un-ionized
Chemicd on Uptake Efficiency
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Dietary Uptake—Hydrophobc chemicds usualy bioacamulate primaril y through absorptionfrom
contaminated food. Persistent, highly hydrophobc chemicds demonstrate biomagnificaion a
increasing concentrations as they are passed up the food chain from one trophic level to anather;
therefore, dietary expasure can be quite important (Gobas et a., 1993. Uptake from contaminated
prey can be cmmputed as (Thomann and Mueller, 1987 Gobas, 1993:
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DietUptake =KD, - PPB, - le-6

Prey Prey Prey

KDPrey = GutEffTox - Ingestionprey

where:
DietUptake,,q, = uptake of toxicant from given prey (g toxicant/L-d);
KDpyey = dietary uptake rate for given prey (mg prey/L-d);
PPBg, = concentration of toxicant in given prey (g toxicant/kg prey);
le6 = units conversion (kg/mg);
GutEffTox = efficiency of sorption of toxicant from gut (unitless); and
Ingestiong,,, = ingestion of given prey (mg prey/L-d), see (68).

Gobas (1993) presents an empirical equation for estimating GutEffTox as a function of the
octanol-water partition coefficient. However, datapublished by Gobaset al. (1993) suggest that there
isno trend in efficiency between LogKOW 4.5 and 7.5 (Figur e 83); thisisto be expected because the
digestive system has evolved to assimilate awide variety of organic molecules. Therefore, the mean
value of 0.63 isused in AQUATOX as aconstant for small fish. Nicholset a. (1998) demonstrated
that uptakeismoreefficient inlarger fish; therefore, avalue of 0.90isused for large gamefish because
of their size. Invertebrates generally exhibit lower efficiencies; Landrum and Robbins (1990) showed
that values ranged from 0.42 to 0.24 for chemicals with log KOWsfrom 4.4 to 6.7; the mean value of
0.35isused for invertebrates in AQUATOX.

Figure 83
GutEffTox Constant Based on Mean Vaue for Data
from Gobas et al., 1993

—

0.75 ®

0.25

Dietary Absorption Efficiency
o
o

o

45 5 55 6 6.5 7 75
Log KOW
® Guppies Goldfish — Mean = 0.63

(252)

(253)



AQUATOX TECHNICAL DOCUMENTATION CHAPTER 7

Elimination—Elimination or cleaanceincludes both excretion (depuration) and biotransformation
of atoxicant by organisms. Biotransformation may cause underestimation of elimination (McCarty
eta., 1992. Therefore, an oweral eliminationrate mnstant is estimated and reported in the toxicity
record. Theuser may then modify the value based on olserved data; that valueis used in subsequent
simulations. However, becaise biotransformation is not modeled explicitly, this is treded as
depuration for purposes of trading the transfer of toxicant.

For purpasesof estimating elimination,amodificaion d Eq. (250) isused to compute uptake,
asuming an allometric relationship between respiration and the weight of the animal (Thomann,
1989:

kI = 1000 - WetWt %% - WEffTox (254)
where:
k1 = uptake rate constant (L/kg-d);
WetWt = mean wet weight of organism (Q);
1000 = units conversion (g/kg);
WEFfTox = withdrawal efficiency for toxicant by gill s, seeEq. (251) (unitless.

If, asThomann (1989 asumes, li pid-normali zed hioconcentrationisequal to theoctand -water
partition coefficient at equili brium and zero growth, then:

ki

k2 = — . (255)
KOW - LipidFrac - WetToDry - (Nondissoc + 0.1)
where:
k2 = elimination rate mnstant (1/d); and
KOW = octanol-water partition coefficient (unitless;
LipidFrac = fradion d lipid in organism (g li pid/g organism);
Wet2Dry = wet to dry weight ratio (5); and
Nondissoc = fradion d compound urionized (unitless.

Thissimplerelationship, aithough wek, has been used in AQUATOX for both invertebrates
andfish (Figure 84). However, thefish curve seamsto drasticdly underestimate deaance d higher
KOWs. Therefore, as an aternative until the formulationis changed, K2 estimates may be entered
manually using as guides regresson equations for Daphnia:

Log k2 = -0.5688 - Log KOW + 3.6445

and small fish:
Log k2 = -0.503 - Log KOW + 1.45
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Figure 84
Depuration Rate Constants for Daphnia and for 10-
g Fish; see Thomann, 1989
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For any given time the clearancerateis:
Depuration ., = k2 * Toxicant,,, . (258)

where:
Depurati ONpgire
Toxicant g

clearance rate (ug/L-d); and
mass of toxicant in given animal (Lg/L).

Linkagesto Detrital Compartments

Toxicants are transferred from organismal to detrital compartments through defecation and
mortality. The amount transferred due to defecation is the unassimilated portion of the toxicant that
isingested:

DefecationTox = Z (KEgestp,,y prey * PPBp,,, - 1€-6) (259)
KEgest,,, d Prey = (1 - GutEffTox) - Ingestionpred, Prey (260)
where:
DefecationTox = rate of transfer of toxicant due to defecation (Lg/L-d);
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KEQgeStp e prey = fecal egestion rate for given prey by given predator (mg
prey/L-d);

PPBp,, = concentration of toxicant in given prey (Lg/kg);

le6 = units conversion (kg/mg);

GutEffTox = efficiency of sorption of toxicant from gut (unitless); and

INQEestiong, g, prey rate of ingestion of given prey by given predator (mg/L-d), see

(68).

The amount of toxicant transferred due to mortality may be large; it is a function of the
concentrations of toxicant in the dying organisms and the mortality rates:

MortTox = (Mortality,, - PPB, _* le-6) 261
Org Org ( )

where:
MortTox = rate of transfer of toxicant due to mortality (Lg/L-d);
Mortality,,, = rate of mortality of given organism (mg/L-d), see(80);
PPBy, = concentration of toxicant in given organism (Lg/kg); and
le6 = units conversion (kg/mg).
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8. ECOTOXICOLOGY
8.1 Acute Toxicity of Compounds

Toxicity isbased on theinternal concentration of the toxicant in the specified organism. Many
compounds, especially those with higher octanol-water partition coefficients, take appreciable time
toaccumulateinthetissue. Therefore, length of exposureiscritical indetermining toxicity. Although
AQUATOX cannot currently model mercury, mercury is used as an example in the following
discussion because of theavail ability of excellent data. The same principlesapply to organictoxicants
and to both plants and animals.

Based on the Mancini (1983) model, the letha internal concentration of a toxicant can be
expressed as (Crommentuijn et al. (1994):

LethalConc = " _Lf_bgi ’_u;;apsed (262)
where:
LethalConc = tissue-based concentration of toxicant that causesmortality (ppb
or pg/kg);
LClInfinite = ultimateinternal lethal toxicant concentration after aninfinitely
long exposure time (ppb);
k2 = elimination rate constant (1/d); and
TElapsed = period of exposure (d).

Figure 85
Lethal Concentration of MeHg in Brook Trout asa
Function of Time; two data points from McKim et al., 1976
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The model estimates k2, see(242), (248), and (255), assuming that thisk2 isthe same as that
measured in bioconcentration tests, good agreement has been reported between the two (Madkay et
al., 1992. The user may then owerride that estimate by entering an olserved value. The k2 can be

cdculated based onthe observed half-life:

0.693
4

k2 =
12

where:
t, = observed half-life.

Expaosureislimited to the lifetime of the organism:

If TElapsed > LifeSpan Then TElapsed = LifeSpan

where:
LifeSpan = user-defined mean lifetime for given arganism (d).

Based onan estimate of time to read equili brium (Conrell and Hawker, 1988,
4.605

if TElapsed > then

LethalConc = LClnfinite

LClInfinite can be computed by arearangement of Eq. (262).

LCInﬁmte = LethalConc * (1 _ e-k2' ObsTElapsed)

where:
ObsTElapsed = exposure time in toxicity determination (h).

(263)

(264)

(265)

(266)

Theinternal lethal concentrationfor agiven periodof exposure can becomputed fromreported
aaute toxicity data based on the simple relationship suggested by an agorithm in the FGETS model

(Suérez and Barber, 1992:

LethalConc = BCF + LC50
where:
BCF = bioconcentration fador (L/kg), see(222), (228); and
LC50 = concentration d toxicant in water that causes 50% mortality (Lg/L).

(267)
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A given LC50 can be provided by the user, or the user may choose to have the model estimate the
LC50 based on regressions from other species for which there are data (Mayer and Ellersieck, 1986,
Suter et a., 1986).

The fraction killed by a given internal concentration of toxicant and the time-dependent
LClInfinite is best estimated using the cumulative form of the Weibull distribution (Mackay et d.,
1992):

PPB )I/Sh@e

CumFracKilled = 1 - e _(Le’h“lc""c (268)

where:
CumFracKilled = cumulative fraction of organismskilled,
PPB = internal concentration of toxicant (Lg/kg); and
Shape = parameter expressing variability in toxic response (unitless).

As a practical matter, if CumFracKilled exceeds 95%, then it is set to 100% to avoid complex
computationswith small numbers. By setting organismal loadingsto very small numbers, seed values
can be maintained in the simulation.

The Shape parameter isimportant because it controls the spread of mortality. The larger the
value, the greater the distribution of mortality over toxicant concentrations and time. Methyl mercury
toxicity exhibits arapid response over ashort time period, so Shape has avaue of about 0.1 (Figure
86). However, Mackay et a. (1992) found that avalue of 0.33 gave the best fit to data on toxicity of
21 narcotic chemicalsto fathead minnows. Thisvalueisused asadefault in AQUATOX, but it can
be changed by the user. Notethat when theinternal concentration equalsthe lethal concentration the
Weibull equation predicts 63% mortality.
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Figure 86
The Effect of Shape on the Variability of Response to a Given
Internal Concentration of MeHg
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The loss due to
acute mortality accounts for the population already exposed and subject only to increased exposure,
and the newly exposed population that is more vulnerable. Mortality is computed as.

Poisoned = Resistant + FracKilled + Nonresistant -+ CumFracKilled (269)
where:
Poisoned = biomass of given organismskilled by exposureto toxicant at giventime
(mg/L);
Resistant = biomass not killed by previous exposure (mg/L);
FracKilled = fraction killed in excess of the previous fraction (unitless); and
Nonresistant = biomass not previously exposed; the biomass in excess of the resistant

biomass (mg/L).
8.2 Chronic Toxicity

Organisms usually have adverse reactions to toxicants at levels significantly below those that
cause death. In fact, the acute to chronic ratio is commonly used to quantify this relationship.
Application factors (AFs), which are the inverse of the acute to chronic ratio, are employed in the
model to predict chronic effect responses. The user supplies observed EC50 values, which are used
to compute AFs. For example:
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AFGrowth = EC50Growth (270)

LC50

where:
EC50Growth = external concentration of toxicant at which thereisa50% reductionin
growth (ng/L);
AFGrowth = chronic to acute ratio for growth; and
LC50 = external concentration of toxicant at which 50% of populationiskilled

(Lg/L).

If the user enters an observed EC50 value, the model providesthe option of applying the resulting AF
to estimate EC50s for other organisms. The computations for AFPhoto and AFRepro are similar.

Similar to computation of acute toxicity in the model, chronic toxicity is based on internal
concentrations of a toxicant. Often chronic effects form a continuum with acute effects and the
differenceis merely one of degree (Mackay et al., 1992). Regardless of whether or not the mode of
action isthe same, the computed application factors rel ate the observed effect to the acute effect and
permit efficient computation of chronic effects factors in conjunction with computation of acute
effects. Because AQUATOX simulates biomass, no distinction is made between reduction in a
process in an individual and the fraction of the population exhibiting that response. The commonly
measured reduction in photosynthesisisagood example: the data only indicate that agiven reduction
takes place at a given concentration, not whether all individuals are affected. The application factor
enters into the Weibull equation to estimate reduction factors for photosynthesis, growth, and
reproduction:

) PPB IShape
FracPhoto = e LethalConc - AFPhoto

271)
_( PPB )I/shape

RedGrowth = 1 - ¢ LethalConc + AFGrowth (273)
_( PPB )\/Shape

RedRepro =1-e LethalConc + AFRepro (272)

where;
FracPhoto
RedGrowth

reduction factor for effect of toxicant on photosynthesis (unitless);
factor for reduced growth in animals (unitless);

8-5
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RedRepro = fador for reduced reproductionin animals (unitlessg);

PPB = internal concentration o toxicant (Lg/kg);

LethalConc = tisue-based concentration o toxicant that causes mortality (Lg/kg);

AFPhoto = chronic to aaute ratio for phaosynthesis (unitless default of 0.10);

AFGrowth = chronic to aaute ratio for growth in animals (unitless default of 0.10);

AFRepro = chronic to aaute ratio for reproduction in animals (unitless default of
0.05; and

Shape = parameter expressng variability in toxic resporse (unitl ess default of
0.33.

The reduction factor for phaosynthesis, FracPhoto, enters into the phaosynthesis equation
(Eq. (26)), andit adso appeasin the equation for the acceeration of sinking of phytoplankton due to
stress(Eg. (58)).

The variable for reduced growth, RedGrowth, is arbitrarily split between two processes,
ingestion (EqQ. (68)), where it reduces consumption by 20%:

ToxReduction = 1 - (0.2 - RedGrowth) (274)

and egestion (Eqg. (73)), where it increases the anourt of foodthat is not assmil ated by 80%:

IncrEgest = (1 - EgeStcoeﬁ;rey pre

2 0.8 - RedGrowth (275)

These have indired effeds on the rest of the eosystem through reduced predation and increased
production d detritus in the form of feces.

Embryos are often more sensiti ve to toxicants, although reproductive fail ure may occur for
variousreasons. Asasimplificaion,the fador for reduced reproduction, RedRepro, is used only to
increase gamete mortality (Eq. (84)) beyondwhat would occur otherwise:

IncrMort = (1 - GMort) - RedRepro (276)

By modeling chronic andaaute eff eds, AQUATOX makesthelink between chemicd fateand
the functioning of the aquatic e®system—a pioneaing approacd that has been refined over the past
twelve yeas, foll owing thefirst puldicaions (Park et a., 1988 Park, 199Q.
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APPENDIX A. GLOSSARY OF TERMS

Taken in large part from: The Institute of Ecology. 1974. An Ecological Glossary for Engineers and
Resource Managers. TIE Publication #3, 50 pp.

Abiotic
Adsor ption

Aerobic
Algae

Allochthonous
Algal bloom
Alluvial
Alluvium
Ambient
Anaeraobic
Anoxic
Aphotic
Assimilation

Autochthonous

Benthic

Benthos
Biodegradable

Biochemical oxygen
demand (BOD)

Biomagnification

Biomass
Biota
Chlorophyll
Coalloid

Consumer
Copepods
Crustacean
Decomposers
Detritus
Diatom
Diurnal

nonliving, pertaining to physico-chemical factors only

the adherence of substances to the surfaces of bodies with which they arein
contact

living, acting, or occurring in the presence of oxygen

any of agroup of chlorophyll-bearing aquatic plants with no true leaves,
stems, or roots

material derived from outside a habitat or environment under consideration
rapid and flourishing growth of algae

of alluvium

sediments deposited by running water

surrounding on all sides

capable of living or acting in the absence of oxygen

pertaining to conditions of oxygen deficiency

below the level of light penetration in water

transformation of absorbed nutrients into living matter

material derived from within a habitat, such as through plant growth
pertaining to the bottom of awater body; pertaining to organisms that live on
the bottom

those organisms that live on the bottom of a body of water

can be broken down into simple inorganic substances by the action of
decomposers (bacteria and fungi)

the amount of oxygen required to decompose a given amount of organic
matter

the step by step concentration of chemicals in successive levels of afood
chain or food web

the total weight of matter incorporated into (living and/or dead) organisms
the fauna and flora of a habitat or region

the green, photosynthetic pigments of plants

adispersion of particles larger than small molecules and that do not settle out
of suspension

an organism that consumes another

alarge subclass of usually minute, mostly free-swimming aquatic crustaceans
alarge class of arthropods that bear a horny shell

bacteria and fungi that break down organic detritus

dead organic matter

any of class of minute algae with cases of silica

pertaining to daily occurrence
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Dynamic
equilibrium

Ecology
Ecosystem
Emer gent

Environment
Epilimnion
Epiphytes
Equilibrium
Euphotic

Eutrophic
Fauna
Flood plain
Flora
Fluvial
Food chain

Food web
Foragefish
Habitat

Humic
Hydrodynamics
Hypolimnion
Influent
Inorganic

Invertebrate
Limiting factor

Limnetic zone

Limnology
Littoral zone

M acrofauna
Macrophytes
Nutrients
Omnivorous
Organic chemical

astate of relative balance between processes having opposite effects

the study of the interrelationships of organisms with and within their
environment

abiotic community and its (living and nonliving) environment considered
together

aguatic plants, usually rooted, which have portions above water for part of
their life cycle

the sum total of al the external conditions that act on an organism

the well mixed surficia layer of alake; above the hypolimnion

plants that grow on other plants, but are not parasitic

a steady state in a dynamic system, with outflow balancing inflow
pertaining to the upper layers of water in which sufficient light penetrates to
permit growth of plants

aguatic systems with high nutrient input and high plant growth

the animals of a habitat or region

that part of ariver valley that is covered in periods of high (flood) water
plants of a habitat or region

pertaining to a stream

animals linked by linear predator-prey relationships with plants or detritus at
the base

similar to food chain, but implies cross connections

fish eaten by other fish

the environment in which a population of plants or animals occurs
pertaining to the partial decomposition of leaves and other plant material
the study of the movement of water

the lower layer of a stratified water body, below the well mixed zone
anything flowing into awater body

pertaining to matter that is neither living nor immediately derived from living
matter

animals lacking a backbone

an environmental factor that limits the growth of an organism; the factor that
is closest to the physiological limits of tolerance of that organism

the open water zone of alake or pond from the surface to the depth of
effective light penetration

the study of inland waters

the shoreward zone of awater body in which the light penetrates to the
bottom, thus usually supporting rooted aguatic plants

animals visible to the naked eye

large (non-microscopic), usually rooted, aguatic plants

chemical elements essential to life

feeding on a variety of organisms and organic detritus

compounds containing carbon;
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Overturn

Oxygen depletion

Parameter
Pelagic zone
Periphyton

Oxidation
Photic zone

Phytoplankton
Plankton

Pond
Population
Predator

Prey
Producer

Production
Productivity
Productivity,
primary
Productivity,
secondary

Reservoir
Riverine
Rough fish
Sediment
Siltation
Stratification

Substrate
Succession
Tolerance
Trophic level
Turbidity

Volatilization
Wastewater

Wetlands

the complete drculation a mixing of the upper and lower waters of alake
when temperatures (and densities) are similar

exhaustion d oxygen by chemicd or biologicd use

ameasurable, variable quantity as distinct from a statistic

open water with noassciation with the bottom

community of algae ad asociated arganisms, usualy small but densely set,
closely attached to surfaces on a projeding above the bottom

areadion between moleaules, ordinarily involves gain of oxygen

theregion d aquatic environments in which the intensity of light is sufficient
for phatosynthesis

small, mostly microscopic dgaefloating in the water column

small organisms floating in the water

asmall, shallow lake

agroup d organisms of the same spedes

an organism, usually an animal, that kill s and consumes other organisms

an organism kill ed and at least partially consumed by a predator

an organism that can synthesize organic matter using inorganic materials and
an external energy source (light or chemicd)

the anourt of organic materia produced by biologicd adivity

the rate of production d organic matter

the rate of production by plants

the rate of production by consumers

an artificially impounced body of water

pertaining to rivers

anonsport fish, usually omnivorousin food habits

any mineral and/or organic matter depaosited by water or air

the deposition d silt-sized and clay-sized (small er than sand-sized) particles
divison d awater body into two ar more depth zones due to temperature or
density

the layer onwhich arganisms grow; the organic substance dtadcked by
decompaosers

the replacement of one plant assemblage with ancther through time

an organism’s cgpadty to endure or adapt to urfavorable condtions

all organismsthat seaure their foodat a @mmon step in the foodchain
condtion d water resulti ng from suspended matter, including inorganic and
organic material and dankton

the ad¢ of passng into agaseous gate & ordinary temperatures and pesaures
water derived from amunicipal or industrial waste treament plant

land saturated or nealy saturated with water for most of the year; usualy
vegetated
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Zooplankton small aquatic animals, floating, usually with limited swimming capability
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APPENDIX B. USER-SUPPLIED PARAMETERSAND DATA

The model has many parameters and internal variables. Most of these ae linked to data
structures such as ChemicdReoord, SiteReaord, and ReminReoord, which in turn may be linked to
inpu formsthat the user accesses through the Windows environment. Although consistency has been

agoal, some names may diff er between the cde and daumentation

INTERNAL TECH DOC DESCRIPTION UNITS
ChemicalRecord Chemical Underlying For each Chemical Simulated, the following

Data parametersarerequired
ChemName N/A Chemicd's Name. Used for Referenceonly. N/A
CASRegNo N/A CAS Registry Number. Used for Referenceonly. N/A
Mol Wt MolWt moleaular weight of pall utant (g/mol)
Solubhility N/A Not utili zed as a parameter by the cde. (ppm)
Henry Henry Henry's law constant (atm m3 mol-1)
pka pKa add dssciation constant negative log
VPress N/A Not utili zed as a parameter by the cde. mmHg
LogP LogKow log octanol-water partition coefficient (unitless
En En Arrhenius adivation energy (cd/mol)
KMDegrdn MicrobialDegrdn rate of lossdue to microbia degradation (no/L d)
KMDegrAnaerobic KAnaerobic decomposition rate at 0 g/m3 oxygen (vd)
KUnCat KUncat the measured first-order reaction rate at pH 7 (vd)
KAcid KAcidExp pseudo-first-order acid-catalyzed rate constant for a (vd)

given pH

KBase KBaseExp pseudo-first-order rate constant for a given pH (vd)
PhotolysisRate KPhot direct photolysisfirst-order rate constant (vd)
OxRateConst N/A Not utilized as a parameter by the code. (L/ mol d)
KPSed KPSed detritus-water partition coefficient (L/kg)
Weibull_Shape Shape parameter expressing variability in toxic response (unitless)
ChemlsBase if the compound is a base (True/False)
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INTERNAL TECH DOC DESCRIPTION UNITS
SiteRecord Site Underlying Data For each Segment Simulated, the following
parametersarerequired
SiteName N/A Site's Name. Used for Referenceonly. N/A
ECoeff Water ExtinctH20 light extinction d wavelength 3125 nmin puewater | (1/m)
Sitel ength Length maximum eff edive length for wave setup (m)
Volume Volume initial volume of site (m3)
Area Area site aea (m2)
ZMean ZMean mean depth (m)
ZMax ZMax maximum depth (m)
TempMean TempMean mean annuel temperature (°C)
TempRange TempRange annual temperature range (°C)
Latitude Latitude latitude (°, dedmal)
LightMean LightMean mean annwal li ght intensity (ly/d)
LightRange LightRange annual rangein light intensity (ly/d)
AlkCaCO3 N/A Not utili zed as a parameter by the cde. mg/L
HardCaCO3 N/A Not utili zed as a parameter by the cde. mg CaCO3/L
S0O4Conc N/A Not utili zed as a parameter by the cde. mg/L
TotalDissSolids N/A Not utili zed as a parameter by the mde. mg/L
StreanType Stream Type concrete channel, dredged channel, natural channel E:_hoi cefrom
ist
Channel_Slope Slope slope of channel (m/m)
Max_Chan_Depth Max_Chan_Depth depth at which floodng occurs (m)
SedDepth SedDepth maximum sediment depth (m)
Limnowall Area LimnowWall Area areaof limnocorral walls; only relevant to (m2)
limnocorral
MeanEvap MeanEvap mean annual evaporation inches/ yea
UseEnteredManning do nd determine Manning coefficient from (true/false)
streamtype
EnteredManning Manning manually entered Manning coefficient. s/ ml/3
ReminRecord Remineralization Data | For eagg simulation, the following parametersare
requir
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INTERNAL TECH DOC DESCRIPTION UNITS
DecayMax_Lab DecayMax maximum decomposition rate (g/g-d)
Q10 NA Not utili zed as a parameter by the ade. (unitlesg
TOpt TOpt optimum temperature (°C)
TMax TMax maximum temperature tol erated (°C)
TRef NA Not utili zed as a parameter by the ade. (°C)
pHMin pHMin minimum pH below which limitation on pH
biodegradation rate occurs.
pHMax pHMax maximum pH above which limitation on pH
biodegradation rate occurs.
Org2Phosphate Org2Phosphate ratio of phosphate to organic matter (unitlesg (unitlesg
Org2Ammonia Org2Ammonia ratio of ammoniato organic matter (unitlesgy
O2Biomass O2Biomass ratio of oxygen to organic matter (unitlesg
O2N O2N ratio of oxygen to nitrogen (unitlesg
KSed KSed intrinsic settling rate (m/d)
PSedRelease N/A Not utili zed as a parameter by the cde. (g/m2-d)
NSedRelease N/A Not utili zed as a parameter by the ade. (g/m2-d)
DecyyMax_Refr ColonizeMax maximum colonization rate under ided condtions (g/g-d)
ZooRecord Animal Underlying For each animal in the simulation, the following
Data parametersarerequired
AnimalName N/A Animal's Name. Used for Referenceonly. N/A
FHalfSat FHalfSat half-saturation constant for feeding by a predator (g/m3)
CMax CMax maximum feeding rate for predator (g/g-d)
BMin BMin minimum prey biomassneeded to begin feeding (g/m3)
Q10 Q10 slope or rate of change per 10°C temperature change (unitlesg
TOpt TOpt optimum temperature (°C)
TMax TMax maximum temperature tol erated (°C)
TRef TRef adaptation temperature below which thereisno (°C)
acdimation
EndogResp EndagResp basal respirationrate & 0° C for given predator (Vday)
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INTERNAL TECH DOC DESCRIPTION UNITS
KResp KResp proportion assimilated energy lost to specific (unitless)
dynamic action
KExcr KExcr proportionality constant for excretion:respiration (unitless)
PctGamete PctGamete fraction of adult predator biomass that isin gametes (unitless)
GMort GMort gamete mortality (vd)
KMort KMort intrinsic mortality rate (g/g-d)
KCap KCap carrying capacity (mg/L)
MeanWeight WetWt mean wet weight of organism (9)
FishFracLipid LipidFrac fraction of lipid in organism (g lipid/g organ
LifeSpan LifeSpan mean lifespan in days days
Animal_Type Animal Type Animal Type (Fish, Pelagic Invert, Benthic Invert, Choice from
Benthic Insect) List
AveDrift Dislodge fraction of biomass subject to drift per day fraction / day
AutoSpawn Does AQUATOX calculate Spawn Dates (true/false)
SpawnDatel..3 Automatically Entered Spawn Dates (date)
UnlimitedSpawning Allow fish to spawn unlimited times each year (true/false)
SpawnLimit Number of spawns allowed for this species this year (integer)
UseAllom C Use Allometric Consumption Equation (true/false)
CA Allometric Consumption Parameter (real number)
CB Allometric Consumption Parameter (real number)
UseAllom R Use Allometric Consumption Respiration (true/false)
RA Allometric Respiration Parameter (real number)
RB Allometric Respiration Parameter (real number)
UseSetl Use"Set 1" of Allometric Respiration Parameters (true/false)
RQ Allometric Respiration Parameter (real number)
RK1 Allometric Respiration Parameter (real number)
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INTERNAL TECH DOC DESCRIPTION UNITS

PlantRecord Plant Underlying Data | For each Plant in the Simulation, the following
parametersarerequired

PlantName Plant's Name. Used for Referenceonly. N/A

PlantType Plant Type Plant Type: (Phytoplankton, Periphyton, Choicefrom
Maaophytes) List

LightSat LightSat light saturation level for phatosynthesis (ly/d)

KPO4 KP half-saturation constant for phospharus (gP/m3)

KN KN half-saturation constant for nitrogen (gN/m3)

KCarbon KCO2 half-saturation constant for carbon (gCImM3)

Q10 Q10 slope or rate of change per 10°C temperature change (unitlessy

TOpt TOpt optimum temperature (°C)

TMax TMax maximum temperature tol erated (°C)

TRef TRef adaptation temperature below which thereisno (°C)
acdimation

PMax PMax maximum phaosynthetic rate (vd)

KResp KResp coefficient of propationdity btwn. excretion and (unitless
phaosynthesis at optimal |

KMort KMort intrinsic mortality rate (g/g-d)

EMort EMort exporentia facor for suboggimal condtions (unitless

KSed KSed intrinsic settling rate (m/d)

ESed ESed exporentia settling coefficient (unitlessy

UptakePO4 Uptake Phospharus fradion d phaosynthate that is nutrient (unitlessy

UptakeN Uptake Nitrogen fradion d phaosynthate that is nutrient (unitlessy

ECoeff Phyto Ecoeff Phyto attenuation coefficient for given alga (Um-g/m3)

CarryCapac KCap carying cgpadty of periphyton (g/m2)

Red_Still_Water RedStill Water reductionin phdosynthesis in absence of current (unitlessy

Maaophyte Type Maaophyte Type ]:Il'ypg of)macrophfte (benthic, rooted floating, free E:_hoi cefrom

oating ist
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INTERNAL TECH DOC DESCRIPTION UNITS

Animal ToxRecord Animal Toxicity For each Chemical Simulated, the following

Parameters parametersare required for each an

LC50 LC50 external concentration of toxicant at which 50% of (ng/L)
population iskilled

LC50_exp_time ObsTElapsed exposure time in toxicity determination (h)

K2 K2 elimination rate constant (/d)

EC50_growth EC50Growth external concentration of toxicant at which thereisa | (Lg/L)
50% reduction in growth

Growth_exp_time ObsTElapsed exposure time in toxicity determination (h)

EC50_repro EC50Repro external concentration of toxicant at which thereisa | (Lg/L)
50% reduction in reprod

Repro_exp_time ObsTElapsed exposure time in toxicity determination (h)

Ave wet_wt WetWt mean wet weight of organism (9)

Lipid_frac LipidFrac fraction of lipid in organism (g lipid/g organ

Drift_Thresh Drift Threshold concentration at which drift isinitiated (ng/L)

TPlantToxRecord Plant Toxicity For each Chemical Simulated, the following

Parameter parametersarerequired for each pl

EC50_photo EC50Photo external concentration of toxicant at which thereis (ng/L)
50% reduction in photosyn

EC50_exp_time ObsTElapsed exposure time in toxicity determination (h)

K2 K2 elimination rate constant (/d)

LC50 LC50 external concentration of toxicant at which 50% of (ng/L)
population iskilled

LC50_exp_time ObsTElapsed exposure time in toxicity determination (h)

Lipid_frac LipidFrac fraction of lipid in organism (g lipid/g organ

TChemical Chemical Parameters For each Chemical to be simulated, the following
parametersarerequired

Initial Cond Initial Condition Initial Condition of the state variable po/L

Loadings Inflow Loadings Daily loading as aresult of the inflow of water pa/L

(excluding modeled upstream r
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INTERNAL TECH DOC DESCRIPTION UNITS
Alt_LoadinggPointso | Point Source Loadings | Daily loading from point sources (g/d)
urce]
Alt_Loadings Direct Direct Precipitation Daily loading from direct precipitation (g/m2 -d)
Preci Loa
Alt_LoadinggNonPoi | Non-Point Source Daily loading from non-point sources (g/d)
ntsour Loading
Tox_Air Gas-phase (g/m3)
concentration
TRemineralize Nutrient Parameters For each Nutrient to be smulated, O2 and CO2,
thefollowing parametersarere
InitialCond Initial Condition Initial Condition of the state variable mg/L
Loadings Inflow Loadings Daily loading as aresult of the inflow of water mg/L
(excluding modeled upstream r
Alt_LoadinggPointso | Point Source Loadings | Daily loading from point sources (g/d)
urce]
Alt_Loadings Direct Direct Precipitation Daily loading from direct precipitation (g/m2 -d)
Preci Loa
Alt_LoadinggNonPoi | Non-Point Source Daily loading from non-point sources (g/d)
ntsour Loading
TSedDetr Sed. Detritus For the Labile and Refractory Sed. Detritus
Parameters compartments, the following parameters
Initial Cond Initial Condition Initial Condition of the state variable (g/m2)
TToxicant.InitialCond | Toxicant Exposure Initial Toxicant Exposure of the state variable, for pa/kg
each chemical simulated
TDetritus Susp & Dissolved For the Suspended and Dissolved Detritus
Detritu compartments, the following parameter
InitialCond Initial Condition Initial Cond. of susp. & diss. detritus, asorganic mg/L
matter, organic carbon, or
Percent_Part_IC Percent Particulate I nit Percent of Initial Condition that is particulate as percentage
opposed to dissolved detri
Percent_Refr_IC Percent Refractory Init Percent of Initial Condition that is refractory as percentage
opposed to |abile detritus
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INTERNAL TECH DOC DESCRIPTION UNITS
Loadings Inflow Loadings Daily loading as aresult of the inflow of water mg/L
(excluding modeled upstream r
Percent_Part Percent Particulate Infl Daily parameter; % of loading that is particulate as percentage
opposed to dissolved detr
Percent_Refr Percent Refractory Daily parameter; % of loading that is refractory as percentage
Inflo opposed to labile detritus
Alt_LoadinggPointso | Point Source Loadings | Daily loading from point sources (g/d)
urce]
Percent_Part_PS Percent Particul ate Daily parameter; % of loading that is particulate as percentage
Poin opposed to dissolved detr
Percent_Refr_PS Percent Refractory Daily parameter; % of loading that is refractory as percentage
Point opposed to labile detritus
Alt_LoadinggNonPoi | Non-Point Source Daily loading from non-point sources (g/d)
ntsour Loading
Percent_Part_NPS Percent Particul ate Daily parameter; % of loading that is particulate as percentage
NonP opposed to dissolved detr
Percent_Refr_NPS Percent Refractory Daily parameter; % of loading that is refractory as percentage
NonPo opposed to labile detritus
TToxicant.InitialCond | Toxicant Exposure Initial Toxicant Exposure of the state variable pa/kg
TToxicant.Loads Tox Exposure of Inflow | Daily parameter; Tox. Exposure of each type of pa/kg
L inflowing detritus, for each ch
TBuried Detritus Buried Detritus For Each Layer of Buried Detritus, the following
parameters are required
Initial Cond Initial Condition Initial Condition of the state variable (g/m2)
TToxicant.InitialCond | Toxicant Exposure Initial Toxicant Exposure of the state variable, for pa/kg
each chemical simulated
TPlant Plant Parameters For each plant type simulated, the following
parameters are required
Initial Cond Initial Condition Initial Condition of the state variable mg/L
Loadings Inflow Loadings Daily loading as aresult of the inflow of water mg/L
(excluding modeled upstream r
TToxicant.InitialCond | Toxicant Exposure Initial Toxicant Exposure of the state variable pa/kg
TToxicant.Loads Tox Exposure of Inflow | Daily parameter; Tox. Exposure of the Inflow pa/kg
L Loadings, for each chemical simul
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INTERNAL TECH DOC DESCRIPTION UNITS

TAnimal Animal Parameters For each animal type simulated, the following
parametersarerequired

InitialCond Initial Condtion Initial Condtion d the state variable mg/L

Loadings Inflow Loadings Daily loading as aresult of the inflow of water mg/L
(excluding modeled upstreanr

TToxicant.InitialCond | Toxicant Exposure Initial Toxicant Exposure of the state variable pa/kg

TToxicant.Loads Tox Exposure of Inflow | Daily parameter; toxic exposure of the Inflow pa/kg

L Loadings, for eat chemicd simulated

TrophintArray.Pref Prefprey, pred for eath prey-typeingested, a preferencevalue within | (unitlesg
the matrix of preferences

TrophintArray.ECoeff | EgestCoeff for eath prey-typeingested, the fradion o ingested (unitlessy
prey that is egested

TVolume Volume Parameters For each segment simulated, the following water
flow parametersarerequired

Initial Cond Initial Condtion Initial Condtion d the state variable (m3)

InflowLoad Inflow of Water Inflow of water (m3/d)

Dischargel oad Discharge of Water Discharge of water (m3/d)

Site Characteristics Site Characteristics Thefollowing characteristics arerequired

Temperature Temperature Daily parameter; temperature of the segment; (°C)
Optional, can use axnual mean

Wind Wind Daily parameter; wind velocity 10 m above the water; | (nV/s)
Optional, default time se

Light Light Daily parameter; avg. light intensity at segment top; (ly/d)
Optional, can use axntel

Photoperiod Photoperiod Fradion o day with daylight; Optional, can be (hr/d)
cdculated from latitude

pH pH Daily parameter; pH of the segment. (pH)

Physical Geometry Physical Geometry For each segment simulated, the following physical
geometry parametersarerequired
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INTERNAL TECH DOC DESCRIPTION UNITS
Thickness Segment Thickness Thickness of the segment m
Surface Area Surface Area Surface area of the segment (m2)
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